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ABSTRACT 
Investigated since the 1950s, welding-induced tensile residual stresses have inherently 
imposed challenges in almost all fusion welding processes. Such residual stresses can be as high 
as the local yield strength in a weld metal and surrounding HAZ and are well identified to 
promote several service failures such as brittle fracture, fatigue and stress corrosion cracking 
(SCC). Petrochemical industry has almost always utilized post-weld heat treatment (PWHT) to 
relieve welding residual stresses in weldments that are exposed to processing environments that 
can potentially induce SCC to maintain safe operations during equipment lifetime. 
However, there has been clear uncertainty whether PWHT should be required for external 
attachment welds in petrochemical equipment that are not pressure retaining. An industrial 
criterion established by NACE SP0472- 2010, paragraph 3.5.1, indicates that PWHT is not 
required if no tensile residual stresses extend through the entire wall thickness. To investigate 
this problem, an FEA software, Sysweld, was utilized to analyze the extent and level of residual 
stresses of such welds through the thickness of the pressure vessel shell. For validation, the study 
also used the GMAW process to deposit single bead-on-plate welds with ER70S-6 wire on 
ASTM-516 grade 70 PVQ steel plates of 6.35 mm (1/4 in.), 12.7 mm (1/2 in.), and 19 mm (3/4 
in.) thicknesses. An experimental welding matrix of 106-150A, 20-22V and 6.5 mm/s travel 
speed was followed.  Microstructural analysis and distortion and temperature measurement of 
weldments were performed as means to qualify the FEA results. In addition, hole-drilling strain 
gauge method according to ASTM E837 was used for residual stress measurement on the bottom 
surfaces of the welds intended for SCC environment exposure. Both FEA and the hole drilling 
method show that residual stresses varied as a function of heat input and base metal thickness 
with a maximum deviation of 9% of the base metal yield strength. Following the through-
thickness direction, the peak of tensile residual stresses was invariably observed in the Sub- and 
Inter-critical HAZ regions. In the bottom surface, maximum tensile stresses at 86-104% of the 
yield strength were reached in the 6.35 mm (1/4 in.)  thick plate application whereas the 
maximum stresses reached only 26-35% of the yield strength in the 19 mm (3/4 in.) thickness. 
Following the experimental procedures, the conclusion indicates that welding applications on 
6.35 mm (1/4 in.) thick plates demands PWHT whereas welding on 12.7 mm (1/2 in.) thick plate 
is deemed safe depending on the amount of SCC threshold stress. Due to the low amount of 
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residual stresses observed in the 19 mm (3/4 in.) thick plate, the study concluded that for 
pressure vessel plates of 19 mm thickness or greater, PWHT can be waived or optional. 
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CHAPTER ONE: INDUSTRIAL RELEVANCE 
This chapter provides details on the problem statement and drivers of research conducted 
in this thesis work. The objectives are also discussed to resolve the research problem statement in 
a separate section. 
 
1.1  Problem statement and research drivers 
Welding induced residual stresses which have been investigated since 1950s along with 
distortion have imposed inherent challenges in almost all fusion welding processes [1-3]. Such 
residual stresses can be as high as the local yield strength in weld metal and surrounding HAZ 
and are well identified to promote several service failures such as brittle fracture, fatigue and 
stress corrosion cracking (SCC). Many researchers identified SCC threshold stresses above 
which SCC initiates. Such high residual stresses often exceed SCC threshold stresses and 
therefore impose challenges in design and can affect the safe operation of several equipment in 
terms of SCC, including tanks and pressure vessels. 
 
(a) 
 
(b) 
 
Figure 1.1 Photographs illustrating pressure retaining through-thickness circumferential and 
longitudinal welds in a pressure vessel (a) and storage tank (b). [113,114] 
 
Among common post-weld treatment methods, including shot peening, hammering, laser 
remelting, ultrasonic impact treatment, and high frequency impact treatment, the petrochemical 
industry has almost always utilized post-weld heat treatment (PWHT) to relieve high residual 
stresses of weldments used in SCC environments. Many petrochemical equipment construction 
codes, e.g. ASME BPVC section VIII and API 650, mandate and provide detailed PWHT 
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procedures for welds directly exposed to SCC environments. The welding procedures according 
to ASMI BPVC section VIII shall follow ASME BPVC section II. Such PWHT requirement 
criterion is well realized for through-thickness (pressure-retaining) welds, such as longitudinal 
and circumferential pressure vessel and storage tank welds. Examples of such welds are 
illustrated in figure 1.1. 
There exist, however, other weldment types in which the weld metal and HAZ which 
typically experience highest residual stresses are not directly exposed to the SCC environments. 
Figure 1.2 provides an example with schematic illustration of an external attachment weld 
joining a reinforcing pad or sleeve to a pressure vessel or tank wall. The stiffening supports 
joining double hull outer and inner tank shells can also fall within such weldment type. 
 
 
Figure 1.2 Schematic illustration of external attachment weldment joined to pressure vessel 
shell and nozzles. 
 
In such application, the threat of extending the weld metal and HAZ tensile residual 
stresses to the bottom surfaces of the pressure vessel shell targeted for SCC environment 
exposure has imposed clear uncertainty whether such weldment types should receive a PWHT. 
According to NACE SP0472, paragraph 3.5.1, PWHT in such weldment types is not required if 
no tensile residual stresses extend through the entire wall thickness [115]. However, current 
industrial publications, codes and standards do not have to date qualifying curves to provide 
PWHT requirements of external attachment welds versus any welding condition factor. If an 
evaluation shows that the residual stresses do not extend through wall, PWHT may be considered 
optional as recommended by NACE SP0472. To resolve such a problem, the research of this 
thesis is devoted to determine the residual stress extension behavior from weld metal to the 
bottom surfaces and quantify the residual stress levels in the bottom surfaces exposed to SCC 
environments. Such residual stress quantification should determine the need of PWHT depending 
on the specified SCC threshold stress. 
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1.2  Research objectives 
To help identify the need of PWHT in weldment types shown in figure 1.2, the objectives 
of the research are listed below: 
1. Using finite-element analysis (FEA), identify and quantify residual stresses extension to the 
bottom surfaces that are SCC service exposed in external attachment weldments. 
2. The study should use a common C-Mn pressure vessel steel, e.g. ASTM-516 grade 70, and 
start with single pass welding application. 
3. Generate curves of maximum tensile residual stresses evolved in bottom surfaces varied by 
heat input, base metal thickness and other welding conditions when applicable. 
4. Recognize the behavior of welding residual stresses evolution in relation to metallurgical 
phases and thermo-mechanical properties. 
5. Based on SCC threshold stress intensity factors, the range of permissible residual stresses and 
their corresponding welding conditions should be identified in which PWHT requirement can 
be waived or be optional for external attachment weldments. 
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CHAPTER TWO: LITERATURE REVIEW 
 This chapter provides background details and literature review on residual stresses, C-Mn 
steel weld metal and HAZ microstructure, stress corrosion cracking common types in C-Mn 
steel, gas metal arc welding process and finite-element-analysis modeling details that are 
correlated to the thesis presented work. 
 
2.1 Residual Stresses 
Residual stresses are defined as stresses that exist and are “locked-in” in materials and 
structures without instantaneous application of external loading. They are self-equilibrating so 
that their integration through the whole volume must lead to a zero stress value, resulting in zero 
force and moment [1, 2]. Mostly, all manufacturing processes including welding and fabrication 
induce residual stresses in materials and structures. Figure 2.1 shows an example of schematic 
residual stress through-thickness distribution of a uniaxial loaded specimen without 
instantaneous external loading application [2].  
 
 
Figure 2.1 Schematic illustration of existent residual stresses after external uniaxial loading. 
 
The residual stress evolution mechanisms in manufacturing processes may include [2]: 
1. Non-uniform plastic deformation which applies to manufacturing processes targeted to 
change material shapes and geometry such as forging, cold and hot rolling, bending, 
drawing and extrusion. 
2. Surface modifications which include manufacturing processes and practices such as 
machining, grinding, plating, carburizing and in service corrosion and oxidation. 
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3. Thermal strains and phase transformations which are dominant in the applications of 
welding, casting, induction hardening, quenching and precipitation hardening. 
 
2.1.1 Equilibrium length scale classification scheme of residual stresses 
Some researchers classify residual stresses in terms of the length scale at which they 
equilibrate [2, 3]. The first type is type I which are macro stresses that equilibrate within 
distances equal or greater than 1mm and mainly appear in manufacturing and fabrication 
processes. Type II are defined as micro stresses that extend within micrometer scale. Stresses 
that exist between grains can be an example of such stresses.  Type III are stresses that exist in 
atomic scale, e.g. around dislocations and stacking faults. Generally, type I stresses represent the 
target of engineering structural evaluations and most residual stress measurement method target 
such type of stresses due to the scale limitation. Some methods, i.e. diffraction methods, can 
measure type II stresses and sometimes type III. However, according to Schajer et al., existence 
of type II stresses may hinder accurate measurement of type I stresses in some diffraction 
residual stress measurement methods. 
Figure 2.2 show instances of macro and micro stresses that can be developed from 
different manufacturing and fabrication processes [2, 3]. As can be seen, welding induced 
residual stresses and their gradients are considered within type I length scale. 
 
 
Figure 2.2 Schematic illustration of length scale residual stress classification among different 
manufacturing and fabrication processes. 
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2.1.2 Residual stress evolution in fusion welding 
The main cause of residual stress development in fusion welding applications is 
difference in peak temperatures and cooling rates in weldment leading to higher differential 
thermal strains of the weld metal and adjacent heat-affected zone (HAZ) compared with the base 
metal [1]. Depending on welding design, the weld pool receives compressive yielding stresses 
from the resisting surrounding HAZ as demonstrated in figure 2.3 [4]. During cooling, the 
shrinkage is intuitively restrained by the higher yield strength surrounding HAZ leading to 
tensile residual stresses in the weld metal and the surrounding HAZ [1]. Within a certain welding 
process, the higher the heat input the higher is the tensile residual stress area due to the increase 
in weld metal and HAZ volumes as shown in figure 2.4 [1,5]. 
 
 
Figure 2.3 (a) Schematic diagram showing residual stress evolution in a weld pool and (b) 
typical transverse distribution of longitudinal residual stresses. 
 
The phase transformation that leads to volumetric changes takes part of the magnitude of 
the residual stresses during evolution as indicated in figure 2.5 [1, 6]. In figure 2.5a, three 
materials are illustrated. 2CrMo low alloy steel encounters a bainitic transformation starting at 
around 600ºC while 9CrMo experiences a martensitic transformation at lower transformation 
start temperature and greater stress reduction due to higher volume expansion of martensite. AISI 
316 stainless steel did not encounter any transformations and is austenitic after completion of 
solidification. However, 316 stainless steel has a lower room temperature residual stress value 
due to the effect of lower yield strength of 316 compared to 2CrMo bainitic steel. The amount of 
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transformation and therefore the transformation-induced-strains correlated with the start 
temperature are important factors for consideration. Figure 2.5b schematically illustrates the 
austenite to ferrite transformation and shows that due to the high thermal expansion coefficient 
of austenite, plastic deformation occurs at high temperature prior to ferrite transformation. The 
idea of low transformation temperature welding (LTTW) has evolved from this concept trying to 
have martensite formation in weld metal occurring in lowest transformation start temperatures as 
possible [7-12]. 
 
2.1.2.1 Residual stresses in different weldment regions 
In weldments, the weld metal and surrounding HAZ encounter tensile residual stresses 
due to the high peak temperatures and due to the restriction of the cold regions away from the 
HAZ where peak temperatures are quite lower. Generally, the base metal areas adjacent to HAZ 
encounter tensile residual stresses. Figure 2.6a schematically illustrates the residual stress state 
(tensile or compressive) distribution of a butt weldment. As shown in figure 2.6b, in addition to 
the shrinkage forces encountered, the transformation effects are imminent in the weld metal and 
partially effective in the HAZ depending on the sub-HAZ regions [1]. 
 
 
Figure 2.4 Schematic illustration of the effect of heat input on welding residual stresses. 
 
2.1.2.2 Longitudinal and transverse residual stress distributions 
Typical welding residual stress distributions are illustrated in figures 2.7 [1, 13]. For long 
enough pass welding, more restricted shrinkage occurs in the weld metal along weld metal 
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parallel axis than along weld transverse leading to higher longitudinal peak residual stresses than 
transverse peak stresses. Typically, the longitudinal residual stresses equilibrate in weld 
transverse line axis leading to presence of equilibrating tensile stresses in the weld metal, HAZ 
and high peak temperature base metal and compressive stresses in the low peak temperature base 
metal regions. In addition, the transverse residual stresses equilibrate in the weld metal parallel 
axis. 
 
 
Figure 2.5 Residual stress development as a function of temperature illustrating the effect of 
ferrite, bainite and martensite transformations. 
 
(a) 
 
(b)
 
Figure 2.6 Schematic distribution of residual stress states in butt welding (a) and transformation 
effects (b) in butt welding. 
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(a) 
 
(b) 
 
Figure 2.7 Analytic and experimental longitudinal and transverse residual stress distributions 
in 5083 Al alloy (a) and St 37 C-Mn alloy (b) in butt welding. 
 
2.1.2.3 Significance of residual stresses in welded structures 
Generally, residual stresses have to have essential consideration in structural design 
similar to external loading. Lack of proper evaluation may cause premature failures in special 
services and conditions such as fatigue, corrosion fatigue, stress corrosion cracking (SCC) and 
weldability cracking. 
The total internal stress in welded structures is not solely the applied loading stress. In 
axial components and according to fracture mechanics, the total internal stress that has to be 
considered is as follows where Kt is the stress concentration factor: [14] 
 σ� = . σ �� � + σ �  (2.1) 
 
The Von-Mises internal stresses can exceed the yield strength if residual stresses are not 
mitigated. Cheng, X. et al. investigated the effect of welding residual stresses on fatigue 
initiation crack susceptibility [15]. In their work, one of the significant factors on fatigue crack is 
the total stress ratio defined below: 
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 = σ � �  � /σ �  �  (2.2)  
 
As shown in figure 2.8, the fatigue cracking initiates when the threshold stress intensity 
factor is exceeded which is a function of internal stresses. In addition, increasing the stress ratio 
increases the susceptibility of cracking by decreasing threshold stress intensity factor. [15] 
 
 
Figure 2.8 Schematic plot of fatigue crack growth rate versus stress intensity factor showing 
influence of stress ratio. 
 
Figure 2.9 represents the cases of different internal stress ratios of un-welded, welded and 
structures with compressive. Figure 2.9 (e) represents the immune case towards fatigue failure 
whereas welded structure cases (b) and (c) have the highest stress ratios leading to more 
susceptibility to fatigue crack initiation. [15] 
SCC in a susceptible alloy-environment combination requires a threshold stress to be 
exceeded for SCC to initiate. The lack of considering and quantifying or mitigating residual 
stresses can lead to catastrophic premature failures especially in oil, gas and petrochemical 
industries. 
 
2.1.3 Residual stresses measurement methods 
Rossini, N. et al illustrated the most common residual stress measurement techniques 
shown in figure 2.10 and classified them according to their destructivity scheme [16]. Generally, 
all methods are constrained to measure elastic residual stresses. 
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Figure 2.9 Schematic illustration of the internal stress ratio of un-welded, welded and structures 
with compressive stresses. 
 
 
Figure 2.10 Destructivity scheme of classification of residual stress measurement methods. 
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2.1.3.1 Destructive and semi-destructive measurement methods 
The destructive and semi-destructive techniques are targeted to measure type I residual 
stresses and depend on stress relaxation for residual stress measurement and they are called 
relaxation methods. The basis of their measurements is to indirectly relate the elastic 
deformations that accompany localized material removal or cutting to the amount of residual 
stresses existent in materials. Since these deformations are elastic there is a linear relationship 
between deformation size, dimensional changes and residual stresses. Depending on the 
specimen and material cutting geometry and technique, some of these methods are capable of 
identifying stress-deformation relationship analytically and others require finite-element 
complementation. [16, 2] 
The splitting method mimics deformations experienced during cracking of materials. 
Figure 2.11 is a schematic illustration that shows how splitting method is performed in materials 
of rod and tube shapes. Generally, a localized or through thickness cut is performed and the 
deformation generated from cutting is related to the sign and approximate residual stress value.  
However, splitting method is commonly used as comparative method of residual stresses present 
in materials and is useful to evaluate shot peening compressive residual stress depth. [16, 2] 
 
 
Figure 2.11 Schematic illustration of splitting method in plates (a) and rods (b). 
 
The sectioning technique is conducted through removing and slicing materials in certain 
sequences. Either strain-gauges or diffraction methods are applied to measure residual stresses 
during each cutting step. Figure 2.12 illustrates an example of cutting sequence applied to I-
beams. The cutting devices used shouldn’t introduce plasticity or heat in the cut surfaces. 
Sectioning has the advantage of measuring axial (membrane) residual stresses that may be 
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caused by hot rolling and fabrication and curvature (bending) residual stresses that may be 
caused by cold forming. [16, 2] 
 
 
Figure 2.12 Schematic illustration showing an example of how sectioning is performed. 
 
The layer removal method is conducted by removing sequence of layers and measuring 
the deformation in each sequence using strain gauges as shown in figure 2.13. For flat plates, 
strain-gauges are applied in one surface and flat sequential layers are removed in the opposite 
surface whereas for cylindrical specimens, annular layers removed. This method is good to 
evaluate residual stress distribution across the thickness of specimens with the assumption that 
uniform in-plane stresses exist in each layer thickness. When cylindrical specimens are used. it is 
commonly called “Sachs’ method”. [16, 2] 
 
 
Figure 2.13 Layer removal method performed on plate (a) and rode (b) specimens. 
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The hole-drilling strain gauge method is the most common relaxation method used to 
measure residual stresses. It has good accuracy, reliability and convenient ASTM standardized 
procedure, ASTM E837 [17]. Hole-drilling introduces a small hole, 1 to 4mm in diameter and 
0.7-4.0mm deep, in the specimen where residual stresses can be quantified through the use of 
special rosette of strain gauges meeting ASTM E837 requirements. It can be applied to all 
machine-able materials, provided they are isotropic and the measured residual stress doesn’t 
exceed 80% of the material’s yield strength. The incremental hole-drilling technique is used for 
through-thickness residual stress distribution measurement. Figure 2.14 schematically shows 
how hole-drilling strain gauge method is applied. Section 2.1.3.4 provides procedural details on 
the method [16, 2, 17] 
 
 
Figure 2.14 Schematic illustration of hole-drilling strain gauge method 
 
The ring-core method implementation is different than hole-drilling in that it involves 
cutting annular slot in the material surrounding strain gauge rosette making it inside-out variant 
of hole-drilling. It can provide in-plane stresses with increments similar to hole-drilling results 
and is capable of measuring higher amount of residual stresses than hole-drilling but introduce 
greater damage and less convenience. Figure 2.15 schematically shows how ring core method is 
applied. [16, 2] 
The deep hole-drilling method combines the implementation of both hole-drilling and 
ring-core methods by drilling a deep hole and then a core is trepanned out of the material to 
allow stress relaxation in the core. The diameter of the hole and its changes are measured to 
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calculate residual stresses in uniform or incremental basis. It has the advantage of measuring 
deep interior stresses and applicability to very thick specimens. Figure 2.16 schematically shows 
the geometry of deep hole-drilling application. However, such method requires special facility 
for good performance. [16, 2] 
 
 
Figure 2.15 Schematic illustration of ring-core strain gauge method. 
 
 
Figure 2.16 Schematic illustration of deep hole-drilling strain gauge method. 
 
The slitting method is similar to hole-drilling method with a difference of introducing 
long slit instead of a hole. Strain gauges are attached on top, bottom or both surfaces to enable 
uniform or incremental stress measurements. The slits can be generated using thin saw, milling 
cutter or wire electric discharge machine (EDM). A disadvantage of slitting method is limitation 
16 
 
to measurement of only unidirectional residual stresses that are normal to the slitting plane. 
Figure 2.17 schematically illustrates one methodology of how slitting method is performed. [16, 
2] 
 
 
Figure 2.17 Schematic illustration of slitting method with two-strain-gauge application. 
 
The contour method is a recently introduced technique that allows 2D residual stress 
measurement with highest spatial resolution capability among the relaxation methods. During its 
development, it was validated by finite-element-analysis modeling (FEA) simulation and neutron 
diffraction measurements. The method has four steps of implementation. The first step is the 
weld cutting which is usually performed using wire EDM and having constraint to prevent stress 
induced movement. This is followed by fine contour topographical, surface height, 
measurements using fine coordinate measurement machine or laser profile-meter in both sides of 
the cut. Averaging of the measured points in both surfaces is then performed to smoothen the 
data and minimize errors. The data are then input into FEA for stress analysis and indirect 
measurement were the normal stresses to the cut surface, required to flatten the surface are 
calculated. Figure 2.18 shows a schematic illustration of an example where (a) represents the 
specimen targeted for measurement, (b) represents the specimen relaxed after cutting and (c) 
shows the stresses calculated. [16, 2] 
 
2.1.3.2 Non-destructive measurement methods 
The non-destructive measurement methods are classified into diffraction methods which 
use lattice inter-planar distance differences and ultrasonic and magnetic methods that require 
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accurate material properties. Generally, the diffraction methods are capable of measuring type II 
and sometimes III residual stresses depending on the gauge volume. 
 
 
Figure 2.18 Schematic illustration of contour method. (a) stressed sample before cutting, (b) 
sample post-cutting morphology and (c) calculated stresses. 
 
The diffraction methods include X-ray, synchrotron X-ray and neutron diffraction 
methods. They all require the measurement of lattice inter-planar distance of stressed and stress 
free samples of the same material using Bragg’s law: 
 nλ = . sin � (2.3) 
 
where n is an integer, λ is the wavelength of electromagnetic radiation used, d is the distance 
between diffracting planes and ϴ is the Bragg’s angle. Figure 2.19 schematically illustrates the 
diffraction method. [16, 2] 
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Figure 2.19 Schematic illustration of diffraction method through measurement of inter-planar 
distances. 
 
The X-ray diffraction (XRD) method measures residual stresses on the surface of 
materials by measuring the inter-planar lattice spacing difference from original spacing caused 
by elastic strains. It is very well standardized method and has three ASTM standards, E1426, 
E2860 and E915. However, it may not be applicable to all weld specimens due to the limitation 
in space in beam lines or X-ray diffractometer which requires smaller specimens. XRD is limited 
to penetrations in the order of 0.025mm which makes it surface residual stress measurement 
limited technique. The synchrotron X-ray diffraction method utilizes X-rays of higher energy 
(greater than 50 keV) and therefore is capable of measuring residual stresses up to tens to 
hundreds mm deep in steel specimens. [16, 2, 97-99]  
The neutron diffraction (ND) is similar in principle to XRD but can be extended to larger 
depth (e.g. up to 100 mm for Al and 25 mm for steel) providing 3D higher spatial resolution 
residual stress profiles. It can be used in crystalline materials. However, its cost is higher and its 
use is limited specialized facilities. [16, 2] 
The magnetic Barkhausen noise (MBN) method is used in ferromagnetic materials and 
uses the magno-elastic interaction principle to measure residual stresses. The principle relates the 
Barkhausen noise signal and tangential field strength to residual stresses which increase with 
tensile residual stresses and decrease with compressive stresses. However, the relation depends 
on the material and even microstructure within a material, e.g. grain size and misorientation 
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angle of grain boundaries, enforcing the need for calibration in weld metal and each HAZ region. 
The method is limited by the saturation of MBN energy signal leading to minimum and 
maximum signal which cannot be exceeded even with higher tensile/compressive residual 
stresses. Its measurement depth is dependent on material permeability and is typically up to 0.2 
mm which is higher than X-ray diffraction method resulted depth. [16, 2] 
The ultrasonic method, or called refracted longitudinal wave technique, is not limited to 
type of material, portable, quick, inexpensive and can be applied to thick materials and real 
components. The method uses acoustic-elasticity principle to measure residual stresses. 
However, this relation is dependent on material’s properties and relationship database 
availability is an essence. The pulse-echo type (single transducer for transmitting and receiving) 
is used to measure through thickness average stress. Other configuration is in place to measure 
subsurface layer residual stresses. The ultrasonic technique is less sensitive to texture 
(microstructure) and more sensitive to stress and therefore is capable of providing high 
resolution gradients. [16, 2] 
 
2.1.3.3 Comparison on precision, spatial resolution and penetration capabilities 
Figure 2.20 provides distribution of spatial resolution and penetration capabilities of 
aforementioned measurement methods generated by Rossini et al. [16, 2]. This can be an aid of 
selecting the proper residual stress measurement technique. As can be seen, synchrotron X-ray 
diffraction provides the highest spatial resolution and quite good measurement penetration 
capability. Barkhausen, ultrasonic, deep hole-drilling and sectioning methods provide the lowest 
special resolution. Hole drilling, in addition to its highest practicality and convenience, is found 
to provide satisfactory spatial resolution and penetration for measuring type I macro stresses 
existent on the surface. 
Schajer, G. provided an estimate of precision capabilities of the common residual stress 
measurement methods along with penetration capability. These details are shown in table 2.1. He 
indicated that such precision estimate may be exceeded when measuring residual stresses below 
around 50% of tested material yield strength due to the fact that lower strains can lead to lower 
sensitivity of measurement. It can be shown that hole-drilling strain gauge method in the 
application of uniform residual stress calculation used in this study can have deviation range of 
5-20%. However, according to Schajer, the deviation range can reduce to 5-10% for skilled 
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personnel. According to ASTM E837 paragraph 12.2.1, the accuracy can be ±10 % in uniform 
residual stress calculation and can exceed such range for non-uniform calculations. [2, 17] 
 
 
Figure 2.20 Distribution of spatial resolution and measurement penetration capability of nine 
common residual stress measurement techniques. 
 
2.1.3.4 Hole-drilling strain gauge 
Hole-drilling strain gauge involves small hole drilling in the test specimen at the location 
where residual stresses are to be measured. The removal of stressed material introduces stress 
redistribution in the remaining adjacent material and localized deformation. Figure 2.21 shows a 
schematic illustration of post-drilling of a tensile stressed specimen. The presence of tensile 
residual stresses causes elastic strains which slightly expand the hole edge with small surface rise 
due to Poisson’s strains. In the presence of compressive stresses, the reverse occurs with hole 
edge contraction and localized surface depression. The strain data can be acquired through the 
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application of strain gauge rosettes meeting ASTM-E837 requirements or through the use of 
advanced optical techniques. [2, 17] 
 
Table 2.1 Precision and depth penetration capability of common residual stress measurement 
methods. 
Measurement Method Precision Depth Penetration 
Splitting 20-50% Specimen thickness 
Sectioning 10-30% Specimen thickness 
Layer removal 10-30% Specimen thickness 
Hole-drilling (uniform calculation) 5-20% Up to 2mm, typically 
Hole-drilling (stress profile) 10-30% 
Deep hole-drilling 5-15% Specimen thickness 
Slitting 5-20% Specimen thickness 
Contour 5-20% Specimen thickness 
XRD  <0.03mm 
Synchrotron XRD >5mm 
ND 25mm, steel 
MBN 1mm 
Ultrasonic 1-20mm 
 
Figure 2.21 Schematic illustration of around drilled hole cross section of tensile stressed 
sample before hole drilling (a) and after hole drilling. 
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ASTM E837 recognizes three types of gauge rosettes. Type A rosettes are the most 
commonly used and should be used in locations far from specimen edges or steps while type B 
rosettes are designed for measurement applications in the proximity of specimen edges or steps. 
Type C rosettes are limited to very small residual stress value measurements and to materials that 
have low thermal conductivity such as plastics. Figure 2.22 represents a schematic illustration of 
the aforementioned types. [2, 17] 
 
 
Figure 2.22 Hole-drilling strain gauge rosette types A, B and C, after ASTM E837. 
 
In addition, ASTM-E837 recognizes different sizes of strain gauge rosettes as shown in 
table 2.2 with detailed geometrical specifications. It can be seen that hole-drilling strain gauge is 
limited to hole depths from 0.7 to 2.8mm. Increasing the strain gauge rosette size and therefore 
the hole diameter increases the gauges’ capability of obtaining more confident strain 
measurement at greater depths. Among all sizes, type A 031RE rosette may be optimum to 
obtain welding induced residual stress distribution results as such distributions provide steep 
residual stress gradients that need to be captured with the use of smallest rosette size possible. 
The last three geometrical specifications in table 2.2 are after Schajer, G. [2, 17] 
The cutters used to generate the hole-drilling should obtain specific features. Figure 2.23 
shows typical cutters used for hole-drilling strain gauge. For steel specimens, a cutter head 
composed of tungsten carbide is usually used with flat leading edge so that an initial contact 
between the cutter and the specimen covers the hole diameter area and the hole eventually has a 
flat end to accurately measure the hole depth. The cutter usually ends with steel shank of 1.6 mm 
diameter. An inverted cone shape with 5° angle relief on each side is usually applied which 
provides a clearance for chip removal during hole-drilling. [2] 
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Table 2.2 Geometrical specifications of different strain gauge rosettes where all 
measurements are in mm. 
Vishay pattern 
Type A Type B Type C 
031RE 062RE 062UL 125RE 062UM 030R 
Gauge mean diameter 2.57 5.13 5.13 10.26 5.13 4.32 
Nominal hole diameter 1.0 2.0 2.0 4.0 2.0 2.0 
Max. drilled hole depth 0.7 1.4 1.4 2.8 1.4 1.7 
Min. specimen thickness 2.5 5.0 5.0 10.0 5.0 6.5 
Min. distance to edges 2.5 5.0 5.0 10.0 4.0 5.0 
Min. distance to steps 2.0 4.0 4.0 8.0 2.0 5.0 
Min. radius of curvature 6.0 12.0 12.0 24.0 12.0 12.0 
Min. gauge-gauge 
distance 
6.0 12.0 12.0 24.0 12.0 12.0 
 
 
Figure 2.23 Hole-drilling strain gauge cutters with different tungsten carbide head sizes. 
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The hole-drilling strain gauge is usually performed in certain depth increments, especially 
when residual stress versus depth distribution is required. In addition, for uniform residual stress 
calculation, obtaining the strains in every depth increment allow for calculating more accurate 
uniform residual stresses averaged through the hole depth than considering one strain value 
obtained after reaching the final hole depth. Table 2.3 illustrates specifications required and 
depth increments recommended by ASTM E837 for each strain gauge rosette type. [17] 
 
Table 2.3 ASTM E837 specifications on practical depth steps and minimum and maximum 
drilled hole diameter for uniform and non-form calculations. 
 Uniform stress calculation Non-uniform stress calculation 
Gauge 
rosette 
Min. hole 
diameter 
Max. hole 
diameter 
Practical 
depth steps 
Min. hole 
diameter 
Max. hole 
diameter 
Practical 
depth steps 
031RE 0.61 1.01 0.05 0.93 1.00 0.025 
062RE 1.52 2.54 0.10 1.88 2.12 0.05 
125RE 3.35 5.59 0.20 3.75 4.25 0.1 
 
The residual stresses in hole-drilling strain gauge method are calculated using the 
following strain functions [17, 2]: 
 = � + � /  (2.4) = � − � /  (2.5) = � + � − � /  (2.6) 
 
where ε1 , ε2 , and  ε3 are designated for gauges 1, 2 and 3 in figure 2.24. The strain functions are 
then included in the following residual stress function equations in order to obtain longitudinal 
(σx), transverse (σy) and 45° shear (τxy) residual in-plane stresses. The x and y axes 
correspondence to ε1 , ε2 , and  ε3 is shown in figure 2.24[17, 2]: 
 = σ + σ = − +   (2.7) 
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= σ − σ = −  (2.8) 
= τ = −  (2.9) 
 
 
Figure 2.24 Gauges 1, 2 and 3 with superimposed x (longitudinal) and y (transverse) axes. 
 
where E is the modulus of elasticity, v Poisson’s ratio and a and b are calibration constants that 
are dependent on hole depth, diameter, and rosette type. Their values were obtained 
experimentally and tabulated in ASTM E837. Figure 2.25 shows the constant values for type A 
gauge rosettes distributed as a function of hole depth, hole diameter and rosette diameter [18, 17, 
2]. For uniform residual stress calculation, averaging of strains obtained incrementally is 
required and P, Q and T values should be calculated by the following equations instead of 
equations 2.7-2.9: 
 = − +   ∑ .∑   (2.10) = −  ∑ .∑  (2.11) = −  ∑ .∑  (2.12) 
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Figure 2.25 Plots of calibration constants a and b as a function of hole depth, hole diameter 
and rosette diameter. 
 
 
Figure 2.26 Actual residual stress distribution across hole depth with uncertainty envelope. 
 
Schajer presented an actual uncertainty level distribution of the hole-drilling strain gauge 
method as a function of hole depth. Figure 2.26 shows two actual residual stress versus depth 
profiles, grey curves, along with a plotted average residual stress distribution profile, black 
curve. The enveloping dashed curves represent the uncertainty level versus hole depth 
distribution. A maximum uncertainty level of 40 MPa was observed in the beginning depth 
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increments and was attributed to the high error associated with the low strain values that are 
typically measured in the first few increments. The uncertainty level reaches a minimum of 12 
MPa at the middle depth distance and increases again to 24 MPa at the end of the hole depth due 
to the low sensitivity of the strain gauges of capturing the lower incremental strains at the end of 
the hole depth. 
Schajer identified sources of uncertainty. The eccentricity of the drilled hole can generate 
a substantial level uncertainty. This indicates that more efforts in cutter alignment should be 
most exerted by performers. The cutter head wear during hole drilling can represent another 
source of uncertainty and therefore careful selection of cutter head type should be made. For a 
manual micrometer controlled drilling machine, the depth measurement can have uncertainty 
level of 6um. In addition, an unavoidable source of uncertainty exists in the strain gauge output 
which can amount to 2ue and can be sourced from gauge rosettes, lead wires and 
bridge/amplifier instrument in the strain data acquisition system. 
 
2.1.3.5 Effect of surface preparation techniques on residual stress measurements 
Prevey, P. in his work studied the effect of SiC paper grinding with the use of Vishay 
conditioner and neutralizer, and power-belt dry grinding on the residual stress through-thickness 
distribution on AISI 1018 stress free sample [19]. The residual stresses were measured using X-
ray diffraction and hole-drilling strain gauge methods. The 1st and 2nd principal residual stress 
distributions after use of 120-grit dry power-belt grinding are shown in figure 2.27.  It can be 
seen the effect is high at the very shallow surface and almost disappears at depth of 50um 
(0.05m). 
The effect of wet 220-grit SiC lap grinding is shown in figure 2.28 with the effect of 
compressive residual stresses at the shallow surface region. Such stresses are almost ineffective 
at depth of around 38um (~0.04mm). 
Applying wet 400-grit SiC lap grinding caused 1st and 2nd principal residual stress 
distributions that are shown in figure 2.29. The stresses are also compressive in the very shallow 
surface region and their effective depth decreased to around 20um (0.02mm) due to the lower 
grit size. 
Most importantly, the longitudinal residual stress distribution after surface preparation 
and strain gauge rosette bonding, prior to hole drilling, is shown in figure 2.30. Since the rosette 
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bonding Vishay instructions include a final step of wet 400-grit SiC lap grinding, the distribution 
is almost similar to figure 2.29. The effect is minimized at depth range of 20 to 38 um (~0.02 to 
0.04mm). The smallest 031RE type A gauge rosette, used in this study, has a maximum allowed 
hole drilling depth of 0.7mm according to ASTM E837. Therefore, it can be seen that the effect 
strain gauge rosette bonding and surface preparation is about 5% of the total hole depth and is 
minimized if uniform residual stress measurement method is the targeted measurement.  
 
 
Figure 2.27 1st and 2nd principal residual stress through-thickness distributions after power-belt 
120 grit-size dry grinding. X-axis depth unit: um. 
 
 
Figure 2.28 1st and 2nd principal residual stress through-thickness distributions after 220 grit-
size SiC wet hand lap grinding. X-axis depth unit: um. 
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Figure 2.29 1st and 2nd principal residual stress through-thickness distributions after 400 grit-
size SiC wet hand lap grinding. X-axis depth unit: um. 
 
 
Figure 2.30 Longitudinal residual stress through-thickness distributions after strain gauge 
rosette bonding following Vishay instructions. X-axis depth unit: um. 
 
2.1.4 Residual stress mitigation methods 
Several authors defined many post-weld treatment methods for the aim of reducing 
residual stresses. Some authors, e.g. Teng, T. et al, also defined welding bead sequencing and use 
of low temperature transformation welding (LTTW) as methods of residual stresses mitigation 
[20]. Yet, these methods are considered as factors that influence welding residual stresses and 
not therefore post-weld treatment methods. The most common post-weld treatment methods 
include shot peening (single and dual), air hammer peening, needle peening, burr grinding, 
autofretage, low plasticity burnishing, high frequency impact testing (HFMI), weld dressing 
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(remelting) by laser or tungsten electrodes, post-weld heat treatment (PWHT), vibration stress 
relieving and ultrasonic impact treatment (UIT). Below is literature review which leads to some 
analysis of PWHT, HFMI, single and dual shot peening, and UIT. The effects of weld dressing 
(remelting), grinding and LTTW effects were introduced for comparison analysis. 
 
2.1.4.1 Post-weld heat treatment 
Post-weld heat treatment (PWHT) is an annealing process used to significantly lower the 
residual stresses through the activation of plastic and creep deformation processes. PWHT is 
conducted at temperatures that are above the creep onset of the materials where the creep onset 
for low alloy steels is around 370°C [24]. As shown in the iron-carbon diagram in figure 2.31, 
PWHT is performed above such temperature and is typically in the range of 500 to 650°C [60]. 
 
 
Figure 2.31 Iron-carbon phase diagram superimposed by typical temperature ranges of stress 
relieving, recrystallization and spheroidizing annealing. 
 
Dong, P. et al investigated the main drivers contributing to tensile residual stress 
reduction in PWHT. They also studied the effect of PWHT parameters. Generally, by many 
authors, the PWHT stress relaxation is root caused by plastic deformation and creep relaxation 
that occur during PWHT. In order study each contribution, they used MPC Omega creep model 
to analyze the effect in multi-pass arc butt weldment that was applied to both 2 ¼ Cr-Mo and 
carbon steel cylinders. The heating rates they applied were below 8 °C/min and were following 
the requirements of the petrochemical construction codes. [21]  
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The MPC depth distribution of residual stresses for 2 ¼ Cr-Mo after enabling plastic 
deformation only to occur is shown in figure 2.32a compared to the as-welded condition. This 
demonstrates that plastic deformation is not the main driver of residual stress relaxation in 
PWHT. However, figure 2.32b shows the residual stress relaxation and creep strain development 
when considering creep strain in 2 ¼ Cr-Mo. Each curve represents a localized weld metal area. 
This indicates that creep relaxation is the main contributor and the relaxation occurs mainly in 
the heating ramp up stage with negligible residual stress relaxation in the holding stage. Figure 
2.33 shows the corresponding results in carbon steel cylinder considering hoop stresses. This 
leads to the conclusion that at the presence of high residual stresses and at PWHT temperature 
range, the relaxation can be instantaneous and strongly depends on the temperature. Each point at 
the heating rate region represents a different temperature reached. [21] 
 
 (a)
 
(b)
 
Figure 2.32 (a)  Residual stress depth distribution considering plastic deformation only, and (b) 
Von-Mises residual stress decay and creep strain development during PWHT. 
Both figures are for 2 ¼ Cr-Mo base metal. 
 
Dong, P. et al also analyzed the effect of temperature, work piece thickness and holding 
time in the amount of residual stress relaxation. The temperature effect is shown in figure 2.34a 
while the thickness and holding time effect analysis is shown in figure 2.34b. It is obvious that 
the main parameter that significantly reduces the residual stresses is the PWHT peak 
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temperature. From figure 2.34b, no significant difference in resultant residual stresses was 
observed upon using different thicknesses and holding times. [21] 
 
 
Figure 2.33 Hoop residual stress decay and creep strain development during PWHT of carbon 
steel. 
 
(a) 
 
(b)
 
Figure 2.34 (a)  The effect of peak temperature on amount or residual stress relaxation, and (b) 
axial residual stress decay for different thicknesses and holding times. 
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 Dong, P. et al identified that the reason behind the low heating rate PWHT performed 
according to the industrial petrochemical construction codes is to reach a homogenous through-
thickness temperature in large structures. In addition, the holding time is needed since thicker 
structures tend to reach the peak temperature at slower rate even with heating rate lower than 
8 °C/min. This is illustrated in figure 2.35 showing the actual temperature of 25mm (1 in.) and 
100mm (4 in.) thick structures compared to the furnace temperature with the same furnace 
thermal cycle. [21] 
 
Figure 2.35 Temperature measurement plots of 25 and 100mm thick cylinders versus time 
compared with heating furnace temperature. 
 
Adeyemi et al. studied the effect of isothermal heat treatment at different temperatures on 
amount of stress relaxation in low carbon steel weldment, as shown in figure 2.36 [22]. The 
original stress in their study was in a range of 70 to 100% of yield strength. Indeed, at high 
residual stresses, and once high enough temperature reaches the creep activation, a significant 
amount of residual stresses can be reduced instantaneously. According to their work, at least 
40% of original residual stresses were reduced with less than one-minute duration. According to 
James, M., creep is found a logarithmic process were most residual stress relief at a given 
temperature is achieved relatively rapidly [23]. 
Similar results are observed by Zhan, K. et al and Feng, Q. et al where they studied 
residual stress relaxation at different isothermal heating temperatures of shot peened 304 
austenitic and S32205 duplex stainless steel, figure 2.37 [26, 29]. They used instantaneous XRD 
to measure the surface residual stresses. Table 2.4 and figure 2.38 shows similar results produced 
34 
 
by Diel and Messler on Alloy 625 base metal [27]. The specimens in their work were placed in 
tensile testing machine and were heated to reach the isothermal annealing temperature. Once that 
temperature was reached, the specimens were strained to the yield strength strain at that 
temperature and the stress relaxation to encounter such strain was finely measured at discrete 
time steps. Their test was according to ASTM E328 [28].  
 
 
Figure 2.36 Effect of isothermal heat treatment temperature on the fractional residual stress of a 
mild steel weldment. 
 
(a) (b) 
Figure 2.37 Effect of isothermal heat treatment temperature on residual stresses of shot peened 
304 austenitic (a) and S32205 duplex (b) stainless steels. 
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Table 2.4 Stress relaxation results of alloy 625 base metal at different isothermal annealing 
temperatures [27]. 
Exposure time, minutes 
Isothermal Annealing Temperature, °C 
566 607 760 871 982 
Stress, MPa (% Reduction) 
0 267 296 248 199 184 
1 256 (4%) 272 (8%) 234 (6%) 71.7 (64%) 24 (87%) 
5 258 (5%) 274 (9%) 170 (32%) 38 (81%) 17 (91%) 
30 255 (6%) 272 (10%) 125 (50%) 22 (89%) 15 (92%) 
60 255 (6%) 268 (11%) 106 (58%) 19 (91%) 15 (92%) 
 
 
Figure 2.38 Effect of isothermal heat treatment temperature on residual stresses of alloy 625, 
after table 2.4. 
 
Indeed, at high enough temperature and residual stresses, most of relaxation occurs 
rapidly in the first minute. In addition, the stress relaxation under isothermal annealing can be 
seen as an exponential function and is thermally activated process. Many researchers 
[26,27,29,30] have used Zener-Wert-Avrami function to describe the effect of temperature and 
time on isothermal annealing residual stress relaxation which is shown below. Such function was 
generated empirically and found to fit the relaxation behavior: 
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�σ = exp [− ] (2.13) = . exp − ∆   (2.14) 
 
where 0 is original residual stresses,  is residual stress after certain time and temperature, m is a 
numerical parameter dependent on the dominant relaxation mechanism, t is the annealing time, B
is a constant, k is Boltzmann constant, T is the isothermal annealing temperature, and ∆H is the 
activation enthalpy of the relaxation process. 
 
2.1.4.2 High frequency mechanical impact 
The high frequency mechanical impact (HFMI) is a relatively recent technique which 
uses high strength cylindrical indenters that are accelerated towards targeted treatment surfaces 
with high frequency. Single or dual stage treatments can be applied leading to very fine 
plastically deformed surface more than the conventional shot peening method, i.e. higher density 
of areas plastically deformed out of whole treatment area. [25] 
Suominen, L. et al investigated the use of HFMI compared with LTTW and laser weld 
remelting techniques using high strength steel fillet welded specimens. Figure 2.39 shows the 
geometry, treatment areas and residual stress measurement line path. They used XRD with 
electro-polishing to measure the residual stresses in each treatment case at 2 mm away from weld 
toes. The residual stresses upon HFMI treatment and as welded condition are shown in figure 
2.40a whereas figure 2.40b represents the surface residual stresses for laser weld remelting using 
LTT filler. Figure 2.41 represents the surface residual stresses using LTT filler material without 
dressing. [25] 
It can be deduced obviously that the effect of HFMI treatment led to high compressive 
residual stresses, approaching yield value, and extended to about 4 mm from weld toe. The laser 
remelting has the benefit of reducing the stress concentration factor by lowering the wetting 
angle in the weld toe but didn’t reduce the tensile residual stresses to a sufficient stable area as of 
HFMI. The use of LTTW technique is beneficial in the fusion zone but, in HAZ as seen in figure 
41, the tensile stresses are still existent but with much lower extent, i.e. 5 mm than of 
conventional as welded condition, figure 2.40. [25] 
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Figure 2.39 Welding design and geometry, HFMI treatment area and residual stress 
measurement line. 
 
(a)
 
(b) 
 
Figure 2.40 Residual stress distribution of as welded (blue curve) and HFMI treated (red curve) 
conditions (a) and as welded (blue curve) and LTT filler welded and laser weld 
remelted (red curve) conditions. S700MC and S690QL are different base metal high 
strength steel grades. 
 
  
Figure 2.41 Residual stress distribution after LTTW filler welding. Different curves represent 
different base metal steel grades. 
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According to Suominen, L. et al, figure 2.42 below shows the residual stresses depth 
distribution at 2 mm away from the weld toe performed by separate four companies. This shows 
that the compressive residual stresses are stable at the weld toe vicinity up to 2 mm deep. This 
leads to high fatigue strength and life than as welded condition, laser remelting and LTTW in the 
base metal and HAZ residual stress measured regions. [25] 
 
 
Figure 2.42 Residual stress depth distribution after HFMI, 2mm from welding toe. Each curve 
and contour represents a different company measurement result. 
 
2.1.4.3 Shot peening 
Shot peening and PWHT are relatively conventional post-weld treatment techniques. 
Commonly, shot peening uses hardened steel shots with small diameter and high kinetic energy 
(intensity) [31]. Dual peening is defined as application of two single shot peening stages to the 
treatment surface in order to increase the density of plastically deformed region [31]. 
Molzen, M. et al, in their study, analyzed the effect of single and dual shot peening, 
compared with PWHT. They used AISI 1018 steel plates which were welded with E7018 
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electrode using shield metal arc welding (SMAW). The residual stresses were measured using 
XRD with electro-polishing. The longitudinal residual stress depth distribution results for as-
welded, single stage shot peening, PWHT, and simultaneous shot peening and PWHT conditions 
are all presented in figure 2.43a. The PWHT holding time was 1hr with a peak temperature of 
593°C. It can be seen that PWHT relaxed the residual stress appreciably but very low amount of 
stresses still exist which are not critical. This may indicate that PWHT is sufficient to avoid SCC 
but may not be the proper treatment in the very critical fatigue failure induced applications. The 
single stage shot peening resulted in quite high compressive residual stresses reaching 60ksi (414 
MPa) which exceeded the yield strength of AISI 1018, 53.7ksi (370 MPa). From the depth 
distribution, the effect extends to a shallow depth of around 0.023in (0.6 mm) only. The 
combined treatment of shot peening and PWHT extended the effect of compressive residual 
stresses to a higher depth of around 0.032in (0.8 mm) with no significant change in the peak 
compressive longitudinal residual stress. The low yield stress value of AISI 1018 at the PWHT 
temperature resulted in this beneficial effect during the simultaneous shot peening which 
increases the ability of plastically deforming the surface to higher depths. The effect of dual shot 
peening with the same specimen is shown in figure 2.43b. The higher density of plastically 
deformed regions, called dimples, and their overlapping contributed to the depth extension of 
compressive stresses with no significant difference in the peak value. [31] 
 
(a) 
 
(b) 
 
Figure 2.43 Residual stress depth distribution showing the effect of shot peening, PWHT, and 
PWHT with shot peening (a) and showing the effect of single and dual stage shot 
peening (b). 
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2.1.4.4 Ultrasonic impact treatment 
Typically, the ultrasonic impact treatment (UIT) uses ultrasonic impulse with typical 
frequency of 27 kHz that is transferred to weld toe through pin hammering with a typical 
frequency of 100 kHz and typical pin diameter of 3mm. A group of pins are used typically. 
Figure 2.44 shows a photograph of the tool which is usually applied to weld toes and the surface 
profile of UIT treated surface compared to as-welded condition. [32] 
 
 
Figure 2.44 Comparison of surface profile of UIT treated and as-welded condition (top) and a 
photograph of UIT tool while operating (bottom). 
 
Cheng X. et al. investigated the effect of UIT and shot peening in A572 grade 50 Nb-V 
high strength low alloy steel base plates and used ND and XRD for residual stress measurements. 
[32] 
The residual stress depth distributions after their UIT treatment with 3mm diameter pins, 
ultrasonic impulse frequency of 27 kHz and with four times process repetition are shown in 
figure 2.45a. The corresponding results with single stage shot peening are shown in figure 2.45b. 
It is obvious that UIT treatment resulted in high compressive stresses which were extended to 
about 1.5 mm depth which represented higher compressive residual stress stability. The shot 
peening produced much higher peak compressive residual stresses but with lower depth 
extension of about 0.8 mm, i.e. 50% less depth effect comparted to UIT treatment. Higher 
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compressive residual stresses, comparable to shot peening, and slightly higher depth were 
resulted in 10 times process repetition UIT treatment. [32] 
 
(a) 
 
(b)
 
Figure 2.45 Residual stress depth distributions of A572 grade 50 HSLA after UIT (a) and single 
stage shot peening (b). 
 
2.1.4.5 Comparative analysis of post-weld treatment techniques: 
From all post-weld treatment methods analyzed, it can be deduced that shot peening 
provides the highest compressive residual stresses with quite low depth of compressive residual 
stresses even with dual-stage treatment. UIT and HFMI provide at least 50 to 100% more depth 
with compressive residual stress than shot peening which is highly beneficial in critical fatigue 
and services inducing stress corrosion cracking, if cracking initiates in the surface. However, 
UIT and HFMI are intended for the use in weld toes due to their design and productivity 
limitations and shot peening is therefore more practical. PWHT is sufficient in some applications 
and relaxes a significant portion of the tensile residual stresses. 
 
2.1.5 Factors influencing welding residual stresses 
In this section, literature review on the effect of material properties, welding process 
types, welding conditions and weld sequencing on welding residual stresses are presented. 
 
2.1.5.1 Material properties effect on residual stresses 
The main material properties that influence the magnitude of welding residual stresses are 
coefficient of thermal expansion, softening temperature and thermal conductivity. However, the 
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thermal expansion coefficient generally has the highest impact. Leggatt, R. introduced the case 
when welding residual stresses exceed material’s yield strength by the following relationship 
[33]: 
 � −    � /  (2.15) 
 
where Ts is the material softening temperature, T0 is the room or preheating temperature, α is the 
coefficient of thermal expansion, y is the material’s yield strength, and E is the modulus of 
elasticity. According to Leggatt, R., this indicates that whenever thermal strain is higher than 
yield strain, residual stress will be higher than material’s yield strength. Therefore, materials with 
lower coefficient of thermal expansion will tend to have lower welding tensile residual stresses. 
According to Leggatt, R., table 2.5 illustrates the aforementioned concept in four types of 
materials where PEI stands for Polyethylenimine polymer. [33] 
 
Table 2.5 Illustration of thermal expansion consequence on welding residual stress (T0 = 20°C) 
Material α, C-1 Ts, °C σy , MPa E, MPa α (Ts-T0) % εy = σy /E  
SS 316 18E-6 1050 300 193,000 1.82 0.16 
C-Mn 12E-6 ≥ 650 350 207,000 ≥0.76 0.17 
Ti-6Al-4V 7.3E-6 875 950 106,000 0.62 0.89 
PEI 56 219 90 3,000 1.11 3.00 
 
It can be seen that Ti-6Al-4V have lowest expected residual stresses due to its lowest 
coefficient of thermal expansion whereas stainless steel type 316 has the highest. C-Mn steels 
have moderate residual stresses expected but yet can exceed the yield strength according to 
Legatt analysis. [33] 
 
2.1.5.2 Welding process effect on residual stresses 
Colegrove, P. et al investigated the welding residual stresses resulting from six different 
welding processes, submerged arc welding (SAW), pulsed gas metal arc welding (Pulsed-
GMAW), DC gas metal arc welding (DC GMAW), fronius cold metal transfer (CMT), 
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autogenous laser and hybrid laser welding. They used experimental and modeling approaches in 
residual stresses quantification. [34] 
In the experimental part, they used A131 grade DH36 low alloy steel and used neutron 
diffraction as a measurement technique. All processes used closed square butt joint preparation 
except CMT where single V butt joint with copper packing was used. The longitudinal residual 
stress results distributed along the weld metal transverse line of all processes are shown in figure 
2.46a whereas the hardness profiles are shown in figure 2.46b. [34] 
 
 (a) 
 
 (b) 
 
Figure 2.46 Experimental longitudinal residual stress (a) and microhardness (b) in weld 
transverse line distributions, for 6 different welding processes. 
 
Maintaining the same heat input value, it can be seen that all processes do not significantly 
differ in peak tensile residual stress value. However, higher power density processes have lower 
extent of tensile residual stress effect, i.e. lower affected areas. SAW had the highest tensile 
residual stress value and extent while autogenous laser welding had both lower value and extent. 
The higher hardness values of autogenous laser, hybrid laser, and CMT resulted from the increase 
of lower temperature transformation phases, i.e. bianite and martensite. [34] 
In the 2D FEA modeling part, Colegrove, P. et al used the properties of mild steel with 
same experimental welding conditions. They used literature for the identification of each process 
heat input efficiency. However, a 70% efficiency value was used for laser welding processes which 
conflicts with many authors such as Sindu Kou as it should be around 60% or less depending on 
surface conditions. The corresponding results for all processes are shown in figure 2.47. Similar 
trend and conclusion is shown except that both autogenous and hybrid laser welding processes had 
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higher values than all processes and were more constricted to a lower region than what was 
represented experimentally. However, the use of such high heat input efficiency for laser welding 
processes may have resulted in this huge difference. Moreover, the authors didn’t provide 
reasoning behind such variation. [34, 100] 
 
 
Figure 2.47 FEA longitudinal residual stress results in weld transverse line distributions for 6 
welding processes. 
 
2.1.5.3 Effect of clamping and preheating on residual stresses 
Teng, T. et al investigated the effect of transverse clamping and preheating on residual 
stress value and distribution on steel plate single pass autogenous butt welded using ANSYS 
FEA modeling. The welding parameters of 20V, 110A, 5 mm/s travel speed and heat input 
efficiency of 70% were used. Figures 2.48 shows the specimen geometry and mechanical and 
thermal properties used in modeling, respectively. It can be seen that the yield strength at room 
temperature is around 120MPa. Although Teng et al. did not mention the type of steel used such 
strength can be comparable to interstitial free steels. The longitudinal and transverse residual 
stress distributions are shown in figures 2.49a and b, respectively. It can be seen that the 
longitudinal tensile residual stress has a maximum value approaching the yield strength. The 
symmetry is observed in the longitudinal distribution of the transverse residual stresses. The 
transverse tensile residual stress has a maximum of around 30% that of longitudinal which is 
typical. At the longitudinal distribution ends, the compressive stresses are quite high and 
comparable to the yield strength. The effects of transverse constraints, i.e. clamping, and 
different preheating temperatures on transverse residual stresses are shown in figures 2.50a and 
b, respectively. The effect of transverse external mechanical constraints shows an increase of the 
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whole transverse residual stress profile by shifting the profile up. The maximum transverse 
tensile residual stress of clamped weldment reaches the yield strength value leading to 
approximately equal value of the longitudinal tensile maximum stress. Beneficial effect of 
preheating which reduces the thermal expansion and cooling rate is observed in figure 2.50b. For 
instance, at 200°C preheating, the transverse tensile residual stress peak is reduced by 30% as 
well as the transverse compressive residual stress values were reduced. [35] 
 
(a) 
 
(b)  
 
Figure 2.48 Butt single pass weldment geometry (a) and thermal and mechanical property 
database (b) used in ANSYS modeling. 
 
(a) 
 
(b) 
 
Figure 2.49 Longitudinal (a) and transverse (b) residual stress distributions along x and y axes, 
respectively. 
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(a) 
 
(b) 
 
Figure 2.50 Transverse residual stress distributions along y axis of clamped and unclamped 
conditions (a) and with different preheating temperatures (b). 
 
2.1.5.4 Effect of welding sequence on residual stresses 
Teng, T. et al investigated the effects of weld sequencing on residual stresses of both 
single and multi-pass techniques using FEA model that was validated by comparison with 
ABAQUS and experimental results. Their model used the properties of AISI 1020 and the 
application of GTAW autogenous welding. The first sequencing set analyzed the single pass 
welding technique and is shown in figure 2.51. The longitudinal residual stresses distribution 
along welding line and its transverse are presented in figures 2.52a and b, respectively, for each 
sequencing pattern in figure 2.51. It is clear that the symmetric welding provides the lowest 
longitudinal tensile residual stresses although it may reach the yield strength in some locations. 
According to Teng, T. et al, the reason behind this is preheating and PWHT effects on previous 
passes. [36] 
The second sequencing set analyzed multi-pass welding technique and is shown in figure 
2.53. Both longitudinal and transverse residual stress distributions along x axis in figure 2.53 are 
shown in figures 2.54a and b, respectively. It is shown that all cases didn’t differ in terms of 
longitudinal residual stress value. However, case (A) has the lowest transverse tensile residual 
stress value. According to Teng, T. et al, PWHT and preheating effects are highest with case (A) 
which may have led to such transverse residual stress reduction. [36] 
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Figure 2.51 Three single pass weld sequencing patterns. 
 
(a) 
 
(b) 
 
Figure 2.52 Effect of single pass weld sequencing on longitudinal residual stress distribution 
along weld metal transverse (a) and longitudinal (b) axes. 
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Figure 2.53 Three multi-pass weld sequencing patterns 
 
(a) 
 
(b) 
 
Figure 2.54 Effect of multi-pass weld sequencing on longitudinal (a) and transverse (b) residual 
stress distribution along weld metal transverse axis. 
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2.2 Microstructural review 
In this section, a microstructural review of ASTM A516 grade 70 base metal, heat-
affected zone and weld metal is provided. The micro-hardness and cooling rate are introduced as 
empirical tools to correlate with phase identification. 
 
2.2.1 ASTM A516 grade 70 steel 
ASTM A516 grade 70, also known as ASME SA516, is a carbon-manganese (C-Mn) 
ferritic steel which according to ASTM specification is of pressure vessel quality (PVQ) 
normally used in applications requiring moderate to low temperature service where excellent 
notch toughness is important [37, 38, 39]. Tables 2.6 and 2.7 list the chemical composition 
requirements by ASTM A516 and A20 specifications whereas the minimum required mechanical 
properties are listed in table 2.8 [37, 38]. Table 2.7 provides limitation on other alloying 
elements which shall not be exceeded in A516 grade 70. In addition, ASTM grain size of 5 or 
higher is required which corresponds to a maximum mean intercept grain size of 57um [37, 38]. 
 
Table 2.6 A516 grade 70 ASTM chemical composition requirements 
Thickness, mm 
Chemical Composition, wt% 
C, max Mn P, max S, max Si 
≤12.5 0.27 
0.8-1.3 0.025 0.25 0.13-0.45 
>12.5 and ≤50 0.28 
 
Table 2.7 Maximum chemical composition of other alloying elements required by ASTM 
specification. 
Element Cu Ni Cr Mo V Nb Ti B 
Chemical composition, wt% 0.43 0.43 0.34 0.13 0.04 0.03 0.04 0.0015 
 
Table 2.8 A516 grade 70 ASTM mechanical property requirements, all minimum. 
Tensile strength, MPa Yield strength, MPa Elongation%, 
50mm gauge 
Elongation%, 
200mm gauge 
485 260 0.43 0.34 
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Figure 2.55 represents the ferritic-pearlitic microstructure of A516 grade 70 [40]. The 
pancake grain shapes and ferrite-pearlite banding if observed are mainly attributed to hot rolling.  
 
 
Figure 2.55 Optical micrograph of A516 grade 70 base metal, white ferrite, dark is pearlite. 
 
Hall, A. reported A516 grade 70 average micro-hardness of 178 HVN. Following her 
study and using gauge length of 50.8mm, the engineering stress strain curves of A516 grade 70 
base metal and three submerged arc welded (SAW) specimens with different travel speeds are 
shown in figure 2.56. The yield point behavior is observed similar to other ferritic steels. With 
50.8 mm gauge length, she also reported an elongation of 40% and reported a ductile to brittle 
transition temperature of -29°C. [39] 
 
 
Figure 2.56 Engineering stress-strain curves of A516 grade 70 base metal and three SAW welded 
specimens at different travel speeds. 
51 
 
As shown in figure 2.57, Lundin et al, generated a continuous cooling transformation 
(CCT) diagram of A516 grade 70 where they superimposed cooling curves expressed in time 
from 800 to 500°C (t8/5) each with peak temperature of 1315°C [41]. This peak temperature 
should correspond to the coarse-grained HAZ (CGHAZ) region. It can be seen that the 
martensite start temperature is around 420°C and a critical cooling rate with t8/5 of around 3s is 
needed to obtain 100% martensite which is achieved with a heat input less than 0.74 kJ/mm 
(19kJ/in) in their study. 
 
 
Figure 2.57 CCT of A516 grade 70 with nine different CGHAZ cooling curves. 
 
2.2.2 Weld metal and HAZ microstructures 
In this section, literature review on phase transformations, IIW weld metal 
microstructural classification and effect of cooling rate and shielding gas are elaborated. In 
addition, empirical CGHAZ maximum hardness equations are detailed. 
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2.2.2.1 Metallurgical transformations and phases in C-Mn weldments: 
According to Thewlis, the phase transformations and microstructures in C-Mn steels are 
classified into reconstructive and displacive transformation regimes. Reconstructive 
transformations include austenite to grain boundary ferrite, pearlite transformations and 
displacive include austenite to Widmanstatten ferrite, bainite and martensite transformations. 
[42,43] 
Reconstructive transformations occur at high temperature where a reconstruction process 
with atom movements across austenite and ferrite interphases is the main mechanism. Such 
transformations are dominantly diffusion controlled with relatively slow transformation rates. 
Cooling below Ae3, the first phase that forms on prior austenite grain boundaries is 
allotriomorphic ferrite. This ferrite has been identified to have Kurdjumov-Sach (K-S) 
orientation relationship with one austenite grain where such orientation relationship occurs in the 
nucleation site. Allotriomporphic ferrite grows towards another prior austenite grain with random 
orientation relationship [42-46]. At slightly lower temperature, idiomorphic ferrite may evolve 
which usually nucleates at inclusion-austenite interphase and grows into the prior austenite grain. 
Similar to allotriomorphic, idiomorphic ferrite usually does not have orientation relationship with 
prior austenite grain which they grow towards [42-47]. Figure 2.58a shows a schematic 
illustration of both phases within a prior austenite grain. The transformation of both phases is 
dependent on substitutional elements diffusion away from austenite-ferrite interphase at low 
undercooling and carbon diffusion at high undercooling levels. Therefore, depending on cooling 
rate, it is possible to or not to observe complete redistribution of substitutional elements and only 
observe carbon diffusion. At very low cooling rate, allotriomorphic and idiomorphic ferrite tend 
to be equiaxed and change to plate-like morphology at higher cooling rate. Figure 2.58b shows 
an example of both allotriomorphic and idiomorphic ferrite in submerged arc weld metal. It 
should be noted that there might be a probability during metallographic characterization that 
idiomorphic ferrite identified in micrographs are actually allotriomorphic that nucleated from a 
prior austenite grain boundary and grew towards the plane of observation. According to Dube et 
al, allotriomorphic ferrite is termed as grain boundary ferrite (GBF). However, IIW classification 
indicates the term primary ferrite grain boundary PF(G) for allotriomorphic and intergranular 
PF(I) for idiomorphic. [42,43] 
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(a) 
 
(b) 
 
Figure 2.58 Schematic illustration of allotriomorphic and idiomorphic ferrite phases in 
austenite grains (a) and optical micrograph showing allotriomorphic (arrow 2) and 
idiomorphic ferrite (arrow 1) (b). 
 
Displacive transformations occur at low temperatures where crystal lattice changes from 
austenite to ferrite, carbide or martensite through an invariant plane strain shape change with a 
large shear component. Diffusion of carbon atoms may occur in some displacive transformations, 
except in martensite. Substitutional element diffusion is very negligible at such transformation 
type. [42, 43, 45] 
Among displacive tranformations in C-Mn steel, Widmanstatten ferrite occurs at lowest 
undercooling. Widmanstatten ferrite can nucleate at prior austenite grain boundary as well as 
intragranularly. The general thought of Widmanstatten ferrite growth mechanism is simultaneous 
growth of accommodating pairs of ferrite plates so that less driving free energy force is required 
for Widmanstatten ferrite than bainite and martensite. Generally, ferrite plates rapidly grow and 
have an aspect ratio of around 10:1. The final morphology is parallel arrays as shown in figure 
2.59a which represents a schematic illustration of grain boundary and intragranular 
Widmanstatten ferrite in prior austenite grain. Widmanstatten ferrite nucleation and growth has 
been identified to not being purely displacive and involves carbon atoms diffusion between 
arrays and across austenite-ferrite interphase with no or negligible substitutional element 
diffusion. Between the Widmanstaten ferrite plates, microphases of carbide (cementite), carbide 
ferrite aggregates, austenite and martensite can form. Figure 2.59b represents an example of 
grain boundary Widmanstatten ferrite with aligned and nonaligned second phases in SAW weld 
metal. Figures 2.60a and b represent examples of Widmanstatten ferrite plates nucleated 
intragranularly at austenite-inclusion interphase in SAW weld metal. [42-44] 
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(a) 
  
(b) 
 
Figure 2.59 Schematic illustration of different Widmanstatten ferrite morphologies in austenite 
grains (a) and optical micrograph showing such ferrite with aligned (arrow 2) and 
nonaligned (arrow 3) second phases (b). 
 
(a) 
  
(b) 
 
Figure 2.60 Optical micrographs showing intragranular Widmanstatten ferrite nucleating on 
inclusion-austenite interphase, indicated by arrow in (a) and arrow 2 in (b). 
 
Bainite is a microstructural constituent that nucleates and grow at lower temperature than 
Widmanstatten ferrite and forms when reconstructive diffusion controlled transformations are 
highly sluggish. It has common features with martensite phase transformation [48].  Bainite 
grows as individual plates or sub-units with final morphology of parallel arrays or sheaves. 
Bainite nucleation and growth involves an invariant plane strain shape change with large shear 
forces. Substitutional element redistribution is lacked during the transformation. Generally, 
bainite has been categorized by many researchers into upper and lower bainite evolving at 
relatively higher and lower temperature narrow ranges, respectively. In upper bainite, carbon 
partitions to the residual austenite regions between bainitic ferrite arrays or sheaves leading to 
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evolution of cementite, or microphases of austenite, martensite or carbides. In lower bainite 
which occurs at relatively lower temperature, bainitic ferrite arrays or sheaves become 
supersaturated by carbon atoms and carbide precipitations occur inside and sometimes between 
ferrite arrays or sheaves. Figure 2.61a shows a schematic illustration of bainite transformation 
morphology, both grain boundary or intragranularly nucleated although austenite grain boundary 
is more dominant site of bainite nucleation. Figure 2.61b shows an example lower and upper 
bainite nucleating from prior austenite grain boundary in the heat affected zone of a laser 
welding application. Figure 2.62 represents another example of bainite nucleating intragranularly 
at austenite-inclusion interphase. [42-45, 48]. 
 
(a) 
 
  
(b) 
 
Figure 2.61 Schematic illustration of different bainite morphologies in austenite grains (a) and 
optical micrograph showing upper bainite (arrow2), lower bainite (arrows 1&3) (b). 
 
 
Figure 2.62 Optical micrograph showing intragranular nucleation of bainite (arrows). 
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According to IIW classification, Widmanstatten ferrite and upper bainite are generally 
classified as ferrite with aligned second phase FS(A) and lower bainite is classified as ferrite 
with nonaligned second phase FS(NA). 
Transformation from austenite to martensite occurs at the lowest temperature and is 
extremely rapid and completely diffusionless. Carbon atoms are retained in solution during 
transformation where no redistribution occurs and can only jump through an interatomic 
distance. Austenite lattice transforms displacively to BCC or BCT structure and this results in 
strain energy which causes martensite to be constrained in the forms of thin plates. In low carbon 
steel weldments, less than ~0.2wt%C, the martensite units form as lath BCC structure martensite 
grouped into packets or sheaves which is the dominant martensite form. Each martesite lath is 
composed of many high density dislocation cells. Increasing the carbon content above 2wt% 
plate martensite starts forming in either BCC or BCT structure. The martensite units form as 
individual lenticular plates with substructure containing very fine twins. According to Thewlis 
[42], martensite has the slowest response to etching among all phases. Figures 2.63a and b 
represent lath and plate martensite microstructures in optical micrographs, respectively. [42-45] 
 
(a) 
  
(b) 
 
Figure 2.63 Optical micrographs showing lath (a) and plate (b) martensite microstructures. 
Arrows indicate examples. 
 
Acicular ferrite is recognized as ferrite laths intragranularly nucleated within prior 
austenite grains usually at inclusion-austenite interphase. Multiple impingements occur between 
such laths and when there is an optimum density of inclusions, a fine interlocking structure can 
be produced with ferrite grains generally less than 5um. According to Thewlis, acicular ferrite 
can be composed of both reconstructive and displacive ferrite transformation products including 
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primary idiomorphic and Widmanstatten ferrite and bainitic ferrite. In a C-Mn weld metal CCT, 
this places acicular ferrite transformation region between Widmanstatten ferrite and bainite 
regions. Figure 2.64 represents a schematic illustration of acicular ferrite possible morphologies. 
However, in most cases, the most constituent of acicular ferrite includes bainitic ferrite and this 
may be one of the reasons behind revealing such fine microstructures. In addition, the weld metal 
chemistry and density and size of inclusions are primary factors in the morphology and amount 
of acicular ferrite in weld metals. Acicular ferrite can be interspersed by micro-phases including 
carbide, martensite or austenite. Figure 2.65 shows micrographs with different acicular 
morphologies depending on composition and primary phases behind. In figure 2.65a, the acicular 
ferrite is composed of idiomorphic and Widmanstatten ferrite and is generated in C-Mn weld 
metal. In figure 2.65b, the acicular ferrite is composed of Widmanstatten and bainitic ferrite and 
is generated in C-Mn weld metal alloyed with Ti, Mo and B. [42-44] 
 
 
 
Figure 2.64 Schematic illustration of acicular ferrite morphologies within prior austenite grain. 
 
(a) 
  
(b) 
 
Figure 2.65 Optical micrographs showing coarse (a) and fine (b) acicular ferrite microstructures. 
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2.2.2.2 IIW weld metal microstructural classification 
According to IIW documents IX-1533 and IX-1282 [49, 50], the metallurgical phases and 
constituents evolved in C-Mn and low alloy steel weld metals are classified with certain 
instructions into five phases and constituents, as shown in figure 2.66.  Figure 2.67 shows 
examples under cross hairs for such classification. Primary ferrite is categorized in two forms. 
Primary ferrite grain boundary, PF(G), is usually present as veins or polygonal grains nucleating 
and associated with prior austenite grain boundaries. Intragranular primary ferrite, PF(I), are 
ferrite grains, usually polygonal, nucleating within austenite grains and are larger than about 
three times the average width of adjacent acicular ferrite and ferrite with second phase. The 
ferrite with second phase, FS, can be present in two forms. Ferrite with aligned second phase, 
FS(A), is composed of two or more ferrite laths with aspect ratio greater than 4:1. FS can be 
identified as sideplate ferrite (Widmanstatten) or upper bainite and therefore distinction when 
possible is recommended to be made. Ferrite with nonaligned second phase, FS (NA), is usually 
ferrite grains completely surrounding micro-phases, which can be cementite or matensite-
austenite-carbide (MAC), or isolated laths of acicular ferrite.Such structure is often identified as 
lower bainite. Ferrite carbide aggregates, FC, are composed of fine ferrite-carbide structures 
which can be pearlite. If the size of FC is smaller than the surrounding ferrite lathes or grains it 
should be identified as a microphase as illustrated in figures 2.66 and 2.67. Acicular ferrite, AF, 
is defined as small non-aligned ferrite grains nucleating within prior austenite grains and usually 
includes isolated ferrite laths of high aspect ratio but less than 4:1. Martensite, M, both lath or 
plate if found larger than adjacent ferrite laths or grains should be identified as martensite and if 
smaller should be identified as microphase correlated to the adjacent phase or constituent. 
Point counting is one of the methods that are standardized by ASTM E562 and used to 
quantify such classification volume fractions [51]. A fine grid is superimposed in several 
micrographs and the phase or constituent in each cross hair is identified and counted. In such 
practice, Abson et al. identified the following to be possible sources of error during point 
counting [52, 49]: 
- In micrograph capturing, selection of regions which are not typical. 
- Careless specimen preparation. 
- Difficulty in classifying constituents. 
- Statistical errors. 
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Figure 2.66 Schematic guidance of IIW microstructural classification in C-Mn welds. 
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Figure 2.67 Optical micrographs showing examples of IIW microstructural classification. 
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2.2.2.3 Effect of cooling rate on weld metal microstructure 
C-Mn and low alloy steel weld metal microstructure is very dependent on the cooling rate. 
Figure 2.68a shows a schematic CCT diagram. At low cooling rate, and high heat inputs, 
tendency to have more fractions of grain boundary ferrite (GBF) and side plate (Widmanstatten) 
ferrite (FSP) is dominant. With increasing the cooling rate or decreasing the heat input, acicular 
ferrite and bainite will attain more volume fractions. At even higher cooling rate and lower heat 
input, lath martensite tends to exist and increase in volume fraction. The effect of increasing 
alloying elements or decreasing oxygen content is shown to increase weld metal hardenability as 
shown in figure 2.68b. [50, 53] 
 
(a) 
  
(b) 
 
Figure 2.68 Schematic C-Mn weld metal CCT diagram (a) with corresponding diagram showing 
effects of alloying elements and oxygen content. 
 
Glover et al. studied the weld metal microstructure variation as a function of cooling rate. 
Single pass bead on plate weldments were generated by submerged arc welding on ASTM A516 
grade 70. They used heat input range from 0.74 to 10 kJ/mm. Table 2.9 represents the 
composition of base plate and the resultant weld metal whereas table 2.10 represents the resultant 
cooling rate at each heat input value quantified using time between 800 and 500°C (t8/5). [54] 
At heat input of 0.74 kJ/mm, the microstructure was found dominantly composed of lath 
martensitic. A hardness of 390 HVN was found in the localized martensitic regions. Performing 
point counting, 61% lath martensite, 31% bainite and 8% martensite-austenite constituents were 
found in the microstructure. Figure 2.69a is a representative micrograph generated using light 
microscopy etched with 2% Nital at 500X magnification. Increasing the heat input caused bainite 
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increase at the expense of lath martensite. Figure 2.69b represents the microstructure evolved at 
heat input of 7.4kJ/mm where coarse upper bainite is clearly observed. Further increasing the 
heat input to 10 kJ/mm, the microstructure was found to be composed of high amount of acicular 
ferrite and grain boundary primary ferrite. Figure 2.69c represents the microstructure obtained at 
such heat input value. Figure 2.70 represents a schematic CCT diagram of low carbon steel 
where some cooling rates used in their study are superimposed. [54] 
 
Table 2.9 SAW weld metal and A516 grade 70 chemical composition after Glover et al. 
 Chemical Composition, wt% 
Element C Mn Si Mo Nb 
Weld metal 0.13 1.1 0.25 <0.01 0.035 
A516 grade 70 0.18 1.1 0.25 0.021 0.01 
 
Table 2.10 Heat input and cooling rate measurements 
Heat input, kJ/mm Cooling time (t8/5), s 
0.74 4.4 
1.3 7.3 
2.4 14 
4.3 23 
7.4 39 
10 100 
 
2.2.2.4 Effect of shielding gas oxygen content on acicular ferrite evolution 
Oxygen and carbon dioxide additions to GMAW shielding gas are known to affect weld 
metal microstructure in addition to surface tension effects on weld metal morphology, i.e. contact 
angle reduction, and weld metal transfer modes. Acicular ferrite nucleates intragranulary in prior 
austenite grains at austenite-inclusion interfaces and the number of inclusions, their size, 
distribution, density and composition are all essential factors that can alter the acicular ferrite 
amount that can evolve in a weld metal. The oxygen content addition in shielding gases 
represents a practical variable to enable altering most the aforementioned factors. [55] 
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Figure 2.69 Optical micrographs dominantly showing lath martensite (a), upper bainite (b) and 
acicular ferrite (c) at heat inputs of 0.74, 7.4 and 10 kJ/mm, respectively. 
 
Onsoien et al has extensively studied the effect of oxygen content on the amount of 
acicular ferrite in C-Mn weld metal using GMAW process. At a fixed heat input of 1.8 kJ/mm, 
welds using ER70S-3, ER70S-6 and ER70S-7 wires and ASTM A737 grade B low alloy steel 
base metal were generated using shielding gases of Ar-CO2 and Ar-O2 mixtures. With varying 
the CO2 and O2 content in the shielding gases, acicular ferrite was analyzed and quantified. 
Based on the oxygen content measured in each weld metal, Onsoien et al. generated a calibration 
curve where each amount of CO2 added in CO2 containing shielding gases has an equivalent 
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amount of oxygen in the oxygen containing shielding gases leading to a fixed value of oxygen 
content in the weld metal. This calibration curve is shown in figure 2.71. [55] 
 
 
Figure 2.70 Schematic CCT diagrams superimposed by three cooling curves, after Glover et al. 
 
 
Figure 2.71 Calibration curve for oxygen and carbon dioxide in shielding gas. 
 
 Figure 2.72 represents the acicular ferrite content results varied by shielding gas oxygen 
equivalent using ER70S-6 filler wire. At 2-3 volume % of oxygen equivalent in the shielding 
gas, the maximum amount of acicular ferrite, 68 vol.%, in the weld metal was observed. 
However, such amount was found appreciably decreasing with increasing the oxygen equivalent. 
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At 20 volume % oxygen equivalent, which corresponds to 25 volume % CO2 in shielding gas, the 
acicular ferrite content is less than 5 volume %. It is also expected with lowering heat input per 
unit length below 1.8 kJ/mm, the acicular ferrite content will be lower. [55] 
 
 
Figure 2.72 Acicular ferrite content as a function of oxygen equivalent in shielding gas. 
 
2.2.2.5 Coarse-grained HAZ and weld metal hardness: 
Many researchers have empirically correlated the coarse-grained heat affected zone 
(CGHAZ) to Vickers hardness for C-Mn and low alloy steels. Many used cooling rate in terms of 
time from 800 to 500ºC (t8/5) and carbon equivalent formulae which are the dominant variables 
for approximating steel hardenability and phase estimation. [61,63] 
Beckert and Holz described the maximum hardness as a function of cooling time in the 
following equations [61]: 
 � = + exp  (2.16) = . . + .  (2.17) = . − . . +  (2.18) = exp − . . + .  (2.19) 
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= + . + � + � + . + . + .  (2.20) 
 
where HVmax is the maximum empirically established CGHAZ Vicker’s hardness and Y is the 
cooling time from 850 to 500°C. All alloying elements in equation 2.20 and upcoming equations 
are in wt%. 
Lorenz and Duren in their study proposed the following equations for CGHAZ containing 
0< % martensite < 100 [62, 63]: 
 � = [( − . 8/ ). + . − ] + − . 8/  (2.21) = + + � + � + + + + � (2.22) 
 
They also proposed specific formulae for CGHAZ 100% martensite, HVM and 100% bainite, 
HVB, maximum hardness which are shown below: 
 � = . +  (2.23) � = . +  (2.24) 
 
Terasaki suggested the formulae shown below for maximum CGHAZ hardness, HVmax, as 
also a function of cooling time and carbon equivalent [64]: 
 � = � + � − � exp [− . ( �� − )] (2.25) � = . +  (2.26) 
� = ( + � + + + + � + + . ) + �= . . � − .   (2.27) 
� = + + + � + + + .  (2.28) 
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where HVM is the hardness for 100% martensite,  is cooling time in seconds and M is cooling 
time in seconds required to obtain 100% martensite.  
Yurioka et al. also generated formulae of the maximum hardness, HVmax, obtained as a 
function of cooling time in conjunction with carbon equivalent which are shown below [65]: 
 � = . + + + . − . + arctan  (2.29) 
= log( 8/ ) − . . − . . + .. . − . . − .  (2.30) = + + � + + � + + + ∆  (2.31) 
= + + � + + � + + . + � +  (2.32) = + . + + � + +  (2.33) ∆ = , ℎ   . %  (2.34) ∆ = . , ℎ  = . %  (2.35) ∆ = . , ℎ  = . %  (2.36) ∆ = . , ℎ  . %  (2.37) = . − / .  (2.38) 
 
It is clearly observed that they considered the effect of nitrogen and boron when added to 
steels in increasing its hardenability. Yurioka et al. then proposed modifications to the previous 
equations and provided equations for 100% martensite, HVM, and bainite, HVB, hardness 
corresponding with t8/5 required to reach 100% martensite, τM, and bainite, τB, as shown below 
[67]: 
 � = + − − arctan .  (2.39) 
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= . log τ/τMlog � /�M −  (2.40) � = exp . − .  (2.41) � = . − . +  (2.42) � = exp . − .  (2.43) � = + tanh . . − .  (2.44) 
= + + � + + � + + − . √ + ∆  (2.45) 
=  ℎ  . , + .  ℎ  .  (2.46) 
= + + � + + � + . + + � +  (2.47) = + . + + � + +  (2.48) 
 
where ∆H and fn are calculated using equations 2.34 to 2.38.  Figure 2.73 shows the validation of 
their formulae on C-Mn steel. The composition is indicated in the figure. Suzuki proposed 
another maximum hardness, HVmax, formulae that are shown below [66]: 
 � = ∞ + + exp [ − ] (2.49) 
∞ = . + −  (2.50) = 8/  (2.51) = + . − .  (2.52) = + . − .  (2.53) = − . − . + .  (2.54) 
= + � + + + + � + + � +  (2.55) 
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Since Terasaki, Lorenz and Duren, and Yurioka et al. formulae for 100% martensite 
hardness shown above consider the composition of carbon, it may be inferred that carbon content 
constitutes the strongest factor of martensite hardness in C-Mn and low alloy steel weldments. 
All of the previous formulae were developed for C-Mn and low alloy steels. The selection of the 
best formula for estimating maximum CGHAZ hardness is dependent on the steel used which 
can be indicated from the carbon equivalent formulae. It should be noted that the concept of 
obtaining 100% bainite at 0% martensite as indicated in figure 2.73 may not be accurate since it 
is not possible to have 100% bainite in continuous cooling thermal cycle. Therefore, Lorenz and 
Duren formula for 100% bainite may be more practical. Since C-Mn steels have low number of 
alloying element, mainly carbon, silicon and manganese, the use of Lorenze and Duren, 
Terasaki, and Yurioka et al. formulae for 100% martensite and 100% bainite hardness and 
critical cooling time, t8/5, can offer initial estimation to validate phase quantification and 
identification in CGHAZ. 
For weld metal, Glover et al. determined a typical hardness of 390 HVN for lath 
martensite with composition close to ER70S-6 [54]. Referring to figure 2.74 which relates the 
martensite hardness as function of carbon content in plain carbon steel, such hardness 
corresponds to a carbon content of around 12wt% whereas the actual weld metal carbon content 
was 0.13wt% [56].  In addition, Onsoien et al in their study of acicular ferrite evolution as a 
function of shielding gas oxygen equivalent determined the hardness of the weld metal as a 
function of oxygen equivalent. Figure 2.75 shows the weld metal hardness as a function of 
shielding gas equivalent [55]. In their study, most of the phases observed are grain boundary 
ferrite, acicular ferrite and ferrite with second phase. At oxygen equivalent of 2-3 volume %, the 
acicular ferrite content was ranging from 68 to 75 volume %. Above 5 volume % shielding gas 
oxygen equivalent, 70 to 75 volume % ferrite with second phase was found in the weld metal. A 
Vickers hardness range of 230-250 is observed for weld metal with dominant acicular ferrite 
content and a hardness range of 215 to 235 is observed in weld metals dominantly containing 
ferrite with second phase. Onsoien et al explained that the reason of the linear gradual decrease 
in hardness with increasing oxygen equivalent above 5 volume % is due to more loss of silicon 
and manganese with further increasing oxygen equivalent content. 
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Figure 2.73 Yurioka et al. validation of hardness formulae in C-Mn steel HAZ with composition 
indicated. 
 
 
Figure 2.74 Martensite hardness as a function of carbon content in plain carbon steel. 
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Figure 2.75 Vicker’s hardness of C-Mn ER70S-7 weld metal as a function of oxygen equivalent. 
 
2.3 Stress Corrosion Cracking 
Stress Corrosion Cracking (SCC) of carbon and low alloy steels imposes significant 
production problems in many industries including power generation, oil and gas, refining and 
petrochemical industries, paper and bulb manufacturing, and aircraft and aerospace. It is usually 
defined as environmentally assisted subcritical crack growing under static or dynamic loading. It 
can occur in very mild corrosive environments with no obvious evidence of aggressive corrosion 
and at low stress levels making it very insidious potentially leading to catastrophic failures [69]. 
SCC initiates and propagates at slow rates, typically 10-9 to 10-6 m/s, until the remaining stresses 
in the remaining ligament exceeds the material fracture strength. Three stages are observed in 
SCC processes [57, 58]: 
- Crack initiation and stage I propagation. 
- Stage II steady state crack propagation. 
- Stage III crack propagation or final failure. 
Researchers identified that SCC initiation sites are usually corrosion pits or surface 
defects, figure 2.76 [57-59]. A usual thermodynamic requirement for SCC is the presence of 
tarnish or passive films protecting the surface and SCC walls so that material dissolution is 
usually restricted to SCC tip, as illustrated in figure 2.77a. [57, 59] 
Jones et al. emphasized such requirement through the use of Evan’s diagram. In figure 
2.76b, for materials that can be passive, they illustrated that electrochemical potential has to be 
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within critical potential ranges for transgranular SCC presence which are represented by zones 1 
and 2. In these zones, the material is in transition between active and passive corrosion 
conditions. Since active corrosion is thermodynamically possible, transgranular crack 
propagation is therefore possible. However, intergranular SCC usually requires presence of 
impurity elements or loss of passivating or corrosion resistant elements in the grain boundary 
regions. Therefore, intergranular SCC can happen in wide variety of electrochemical potentials, 
even outside zones 1 and 2. [57] 
 
 
Figure 2.76 Schematic illustration of possible SCC initiation sites. 
 
(a) 
 
 
 
(b) 
 
Figure 2.77 Schematic illustration of SCC crack propagation (a) and Evan’s diagrams showing 
transgranular SCC possible zones (b) 
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2.3.1 Types of SCC in C-Mn and low alloy steel 
Among the various applied industrial environments, aqueous chlorides SCC is perhaps 
the most commonly observed SCC type in carbon and low alloy steels. However, it is less 
observed in normalized carbon and low alloy steels than hardened alloys containing martensite 
or tempered martensite phases. It is often associated with an aqueous phase either condensed or 
vapor water. However, the eventual presence of wet aqueous phase is necessary for crack 
growth. For non-hardened carbon and low alloy steels, increasing chloride content increases 
crack growth rate. Yet, the threshold stress level is not greatly affected by the chloride 
concentration. The pH value has dramatic influence in chloride SCC where pH values of 1-3 
promote SCC and values of 9-10 retard SCC and pH of 13.6 can even stop SCC. Temperature 
has shown a significant influence in SCC susceptibility. Generally, increasing temperature 
reduces SCC susceptibility to a certain threshold temperature where no SCC occurs which 
indicates SCC has usually cathodic hydrogen-embrittlement enhanced mechanism. However, 
increasing temperature has shown an increase in crack growth rate. Yet, temperature change has 
not illustrated major influence in threshold stress level which is relatively constant. Material 
composition has shown influence in chloride SCC susceptibility. Elements that increase 
hydrogen pick-up and diffusion and enhance hydrogen embrittlement were shown to enhance 
and accelerate chloride SCC. Such elements may include sulfur, phosphorous, arsenic, selenium 
and antimony. [57, 59, 68] 
Hydrogen sulfide SCC is mostly observed in oil and gas production, transmission and 
refining facilities. It is more pronounced in high strength hardened carbon and low alloy steels. 
Welding heat affected zone that has appreciable amount of martensite and high hardness can 
have great susceptibility to SCC. Sometime the terminology of sulfide stress corrosion cracking 
is used to describe such failure. Free water phase must be present in environments containing 
hydrogen sulfide to induce susceptibility. Decreasing temperature and increasing hydrogen 
sulfide content through partial pressure increases the SCC susceptibility. Figure 2.78a and b 
illustrates such correlations.  Increasing susceptibility at lower temperatures indicates that 
cathodic hydrogen-embrittlement mechanism can be dominant. In addition, increasing hydrogen 
sulfide content reduce the threshold stress level of SCC. Reducing pH has shown to increase 
SCC susceptibility and decrease threshold stress levels. Generally, hydrogen sulfide SCC was 
observed with pH levels below 9. Cathodic polarization through the use of cathodic protection is 
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observed to increase SCC susceptibility whereas anodic polarization decreases the susceptibility. 
However, cathodic polarization is observed to induce lower crack growth rate whereas anodic 
polarization does the reverse. This is probably due to the increase in electrochemical reaction 
kinetics with anodic polarization. Increasing CO2 and chloride content in the environment has 
shown to promote SCC. [57, 68] 
 
(a) 
 
(b) 
 
Figure 2.78 Effect of hydrogen sulfide content and service temperature on hydrogen sulfide SCC 
susceptibility of different low alloy steels. 
 
Sulfuric acid SCC is mostly observed in high strength hardened carbon and low alloy 
steel and welding heat affected zone that contain appreciable amount of martensite and bainite. 
Lower strength mild steel grades are commonly affected through the generation of hydrogen 
blistering and are found to be more resistant to sulfuric acid SCC. Sulfuric acid SCC is suggested 
to be analogous to aqueous chloride SCC. Sulfuric acid SCC susceptibility was generally 
observed in wide range of temperatures, ranging from room temperature up to 204ºC. Both 
cathodic and anodic polarizations were found to significantly promote SCC. Limited to levels 
below 5%, an increase in sulfuric acid concentration is seen to increase susceptibility. Also, 
additions of sodium chloride or hydrochloric acid increase the SCC susceptibility. [57, 68] 
Hydrogen gas cracking is more likely to occur in high strength hardened steel grades as 
well as weld heat affected zones that have appreciable amounts of martensite and bainite. 
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However, such susceptibility was observed for dry hydrogen gas environments. In low pressure 
levels, increasing hydrogen gas pressure significantly increases SCC susceptibility. At high 
pressure levels, pressure differences did not reveal such significant correlation. A temperature 
range of -46 to 120ºC has shown to promote SCC susceptibility. However, temperatures at or 
near room temperature have shown to increase SCC susceptibility to maximum.  Existence of 
SO2 or oxygen, to even low amounts, has shown to inhibit SCC in dry environments. [57, 68] 
Nitrate SCC is more promoted in high strength hardened steel grades as well as weld 
metal and heat affected zones having appreciable amount of martensite and bainite. 
Increasing nitrate concentration has shown to reduce failure times and threshold stress levels. 
Increasing temperature increases SCC susceptibility even at very low concentration of nitrates 
and increases crack growth rate.  Although SCC was reported at pH level of 12 for high strength 
steel grades, lower pH levels increase SCC susceptibility. Additions of NaOH can suppress SCC. 
Nitrate SCC is very dependent on electrochemical potential where there is a threshold potential 
below which SCC is prevented. The increase of temperature generally decreases this threshold 
electrochemical potential. Application of anodic polarization has shown to be reducing failure 
time which indicates that anodic (active) crack propagation mechanism is dominant. [57, 68] 
Hydroxide SCC, mostly sodium hydroxide, is common in steam boilers and is commonly 
called caustic stress corrosion cracking or caustic embrittlement. Cracking is believed to occur at 
local areas where high hydroxide concentrations can evolve and in highly stressed areas with 
plastic deformation sometimes demonstrated as a prerequisite. The most susceptible hydroxide 
concentration range is from 5% to 70% NaOH and is subject to change depending on operating 
temperature. The temperature range where SCC is susceptible is 100 to 349ºC with highest 
susceptibility from 200 to 250ºC which is the commonly reported range for steam boiler SCC. 
Figure 2.79a illustrates temperature-NaOH concentration maps where SCC susceptibility is 
present and preventive measures or actions are needed. SCC has been shown to be occurring 
within a limited narrow electrochemical potential range. Figure 2.79b illustrates such narrow 
range effect on SCC susceptibility of A516 grade 70 steel at temperature of 110ºC. It is believed 
that areas with partial surface coverage with protective magnetite film can be most susceptible. 
Environmental additives can influence SCC susceptibility depending whether they can 
significantly alter the narrow electrochemical potential susceptibility range. Low oxygen and 
chloride additions were shown to promote SCC with larger additions resulting in adverse effect. 
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Generally, additions that are oxidizing and thus enhance passivation were shown to increase SCC 
resistance. [57, 68] 
 
(a) 
 
(b) 
 
Figure 2.79 SCC susceptibility map as a function of temperature and caustic concentration (a), 
and identification of electrochemical potential range of A516 grade 70 at which 
caustic SCC is susceptible (b). 
 
Ammonia SCC is mostly reported in cold worked and welded applications where residual 
stresses are significantly present whereas no SCC is observed in stress relieved welded 
applications. Oxygen, carbon dioxide or both were reported as prerequisites for SCC with water 
content presence showing no effect on the SCC susceptibility. 
Carbonate SCC occurs in a narrow range of electrochemical potential in carbon and low 
alloy steels. Similar to hydroxide and nitrate SCC, such range coincides with the transition from 
active to passive corrosion. It usually occurs in a temperature range of around 22 to 88ºC and pH 
range of 8 to 10.5. Carbonate cracking is accompanied with magnetite films which indicates lack 
of oxygen can be a prerequisite.  
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Amine SCC was also reported in low and medium strength C-Mn steels. In refining 
industry, they were mostly observed in alkanolamine sweetening units for hydrogen sulfide and 
carbon dioxide removal. Most of the cracks in such units were observed in non-stress relieved 
weldments. Increasing temperature increases such SCC susceptibility. The failure mechanism in 
such SCC type is still not comprehensively understood although some researchers proved that 
carbonate plays a major role and thus amine SCC may be a type of carbonate SCC. [57] 
Figure 2.80 provides the electrochemical potential at which previous SCC mechanisms 
are possible in C-Mn and low alloy steels which can be dependent on temperature [68]. 
 
 
Figure 2.80 Electrochemical potentials at which different SCC mechanisms are possible. 
 
2.3.2 Threshold stress intensity factor 
Total applied stresses on materials have been observed to be a dominant factor 
influencing SCC growth rate. Since crack initiation can occur with different crack lengths and 
morphologies, a term called stress intensity factor (KI) has been introduced. Different SCC 
sample geometries require different stress intensity factor equations to be introduced. Figure 2.81 
schematically shows the dependence of SCC growth rate on the stress intensity factor. [57, 68, 
59, 70] 
The stress intensity factor of the sample geometry presented in figure 2.81 can be 
calculated by [57]: 
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= �√  (2.56) 
 
where C is the initial crack length, A and B are geometrical factors and σ is the applied stress. 
Such tests to identify the dependence of time to failure and growth rate on stress intensity factor 
are performed with pre-cracked samples and the crack length, C, prior to testing is measured for 
stress intensity calculations.  The time for crack initiation is hard to simulate and expect and is 
usually dependent on the material conditions whether surface defects, pitting or other 
accelerating factors are present prior to testing. [57, 68, 59] 
 
 
Figure 2.81 Schematic illustration showing SCC crack growth rate dependence on stress 
intensity factor. 
 
It can be observed that at low stress intensity factor values, the growth rate diminishes 
and a threshold stress intensity factor (KISCC), below which SCC is absent, is mostly present. 
Converting the threshold stress intensity factor into a threshold stress value, Jones et al. stated 
that such a threshold stress is generally and usually greater than 40 to 50% of material yield 
strength and in many cases such threshold can be a significant fraction of the yield strength, 
reaching about 80%. This is demonstrated in figure 2.82. However, such statement is for initial 
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approximation in case exact threshold stress is lacked. In very critical or life threatening 
industrial applications the quantification of such stress for the particular environment, material 
and loading condition is a must. [57, 68, 59] 
 
 
Figure 2.82 Schematic illustration showing that most SCC threshold stresses are about 80% of 
yield strength. 
 
Ibrahim et al. generated SCC stress intensity factor versus time to failure plot for AISI 
4340 steel tested at 3.5% NaCl aqueous solution and room temperature using constant load 
testing. As shown in figure 2.83, it can be seen that the threshold stress intensity factor value is 
around 15 MPa.m1/2. [71] 
 
 
Figure 2.83 SCC stress intensity factor as a function of time to failure for AISI 4340 in aqueous 
chloride solution. 
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Pal et al. obtained SCC stress intensity values with time to failure for AS/NSZ 3678 
grade 250 normalized mild steel (Composition: 0.17 wt%C, 0.27 wt%Si and 1.19 wt%Mn, 338 
MPa yield strength) base metal and Gleeble simulated heat-affected zone, containing bainite and 
martensite, in 30% caustic aqueous solution tested at 100ºC. Their work is illustrated in figure 
2.84. The simulated HAZ shows higher threshold stress intensity factor than the base metal. The 
base metal threshold intensity is in the range of 22 to 24 MPa.m1/2. Following their calculation 
and neglecting the eccentricity of bending crack prior to SCC testing, the threshold stress was 
quantified as 262 MPa which is 77% of the yield strength. [72, 73] 
 
 
Figure 2.84 SCC stress intensity factor as a function of time to failure for C-Mn steel and 
simulated HAZ in aqueous caustic solution. 
 
2.3.3 Relationship between weld residual stress and stress corrosion cracking 
To avoid SCC in weldments without altering material selection or environmental 
variables, the total applied internal stresses should not exceed the threshold SCC stress, including 
loading and residual stresses. Structural designs should always take into account the presence 
and quantity of residual stresses so that the total applied stresses are lower than SCC threshold 
stresses. Welding-induced residual stresses are usually as high as the yield strength in the weld 
metal and HAZ regions. Therefore, through-thickness pressure retaining weldments should 
always receive post-weld heat treatment to lower the imminent weld metal and HAZ high 
residual stresses. In case of external non-pressure retaining attachment welds elaborated in 
chapter one, NACE SP0472 requires analysis of residual stress extension and therefore 
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quantification of residual stresses through the entire thickness is needed to determine the stress 
relieving need. 
 
2.4 Gas metal arc welding 
Gas Metal Arc Welding (GMAW) is a constant voltage welding process that uses 
consumable electrode with dual function of carrying welding current that heats welding puddle 
and provision of filler metal to fill up the welding joints, figure 2.85a. The use of shielding gas in 
GMAW is compulsory for welding pool protection from nitrogen, hydrogen and sometimes 
oxygen and other undesired atmospheric elements. The shielding gas has an effect on welding 
metal microstructure and weld metal transfer mode. Due to the shielding gas usage, GMAW 
process is a very clean process and for hydrogen free shielding gases induces around 5ml/100g 
of hydrogen in weld metal at most which is good for cold cracking mitigation. The amount of 
diffusible hydrogen of GMAW compared to other arc welding processes is shown in figure 2.85b 
[75, 76]. 
 
(a) 
 
 
 
(b) 
 
Figure 2.85 Schematic illustration of GMAW (a) and amount of diffusible hydrogen in weld 
metal of different welding processes. [74, 76] 
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2.4.1 Weld metal transfer modes 
The weld metal transfer mode in GMAW is influenced by many factors. Type of filler 
wire, voltage, current, electrode polarity and extension, arc length and shielding gas can impose 
significant influence on the weld metal transfer mode. Generally, many researchers have 
depended on the physics of the transfer process to obtain as much understanding as possible with 
experimental complementation. [77-79] 
There are two theories that may enable description of the transfer process which are static 
force balance theory and pinch instability theory.  Pinch instability theory only studies the 
droplet size decrease general tendency with increasing current intensity and instability conditions 
of molten metal along arc column. However, the static force theory provides better explanation 
of arc welding metal transfer phenomena and is more used by welding field researchers. 
According to the static force balance theory, each molten droplet experiences forces and detaches 
when the detaching forces, i.e. gravitational, electromagnetic (Lorentz), and plasma/shielding gas 
drag forces, exceed retention forces, i.e. surface tension and vaporization forces. [79-83] 
The gravitational force for flat position welding can be expressed by following equation 
and is due to droplet mass [84, 79]: 
 =  (2.57) 
 
where R is the metal droplet radius, ρd is the droplet density and g is the gravitational 
acceleration constant. 
The electromagnetic force, so called Lorentz force, is the result of current flow 
divergence or convergence with the electrode. When the current lines diverge the force becomes 
detaching and changes to detention when they converge. Such force can be expressed by the 
following equation [79, 80]: 
 = � . . ln[ ] (2.58) 
 
Where I is the current density, ra is the radius of arc and µ0 is the permeability of free space. In 
addition, the weld metal droplet vaporization force can be given by [79, 80]: 
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� = ̇  (2.59) 
 
Where v is vapor velocity, ̇  is vapor mass per unit time per unit current, ρ is vapor density and 
J is the current density. The plasma drag force can be given by [79, 80]: 
 =  (2.60) 
 
Where Cd is the drag coefficient,  is the fluid density and vf is its velocity. Lastly, the surface 
tension force can be given by [79, 80]: 
 
� = �  (2.61) 
 
where � is the surface tension of liquid metal. 
Table 2.11 lists IIW classification of weld metal transfer modes whereas figure 2.86 
provides schematic illustration of the most commonly observed modes [85-86]. At low current 
and low voltage levels, short circuiting weld metal transfer is dominant. This might be due to the 
low Lorentz force and low voltage which are not enough to encounter droplet surface tension and 
enable the free-flight droplet transfer. At higher voltage and still low current levels, globular 
transfer mode is mostly dominant. At this level, the Lorentz force is still not enough and the 
droplet diameter is getting larger than electrode diameter. At high current and voltage levels, 
spray transfer mode becomes dominant and due to the metal droplet diameter decrease it is 
implied that the Lorentz force is high due to high welding current which easily encounters 
surface tension forces. 
Figure 2.87 schematically illustrates the current and voltage variations with time in the 
short circuiting transfer mode. A sort of wavy regular pattern is observed. As illustrated, the 
current starts increasing at the start of short circuiting. At the start of arc re-ignition, the current 
decreases.  
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Table 2.11 IIW classification of weld metal transfer modes. 
Designation of transfer type Example of welding processes 
1 Free-flight transfer  
1.1 Globular  
1.1.1 Drop Low current GMAW 
1.1.2 Repelled CO2 shielded GMAW 
1.2 Spray  
1.2.1 Projected Intermediate-current GMAW 
1.2.2 Streaming Medium-current GMAW 
1.2.3 Rotating High-current GMAW 
1.3 Explosive SMAW (covered electrodes) 
2 Bridging transfer  
2.1 Short-circuiting Short-circuiting GMAW 
2.2 Bridging without interruption Welding with filler metal addition 
3 Slag-protected transfer  
3.1 Flux-wall guided SAW 
3.2 Other modes SMAW, cored wire, electroslag 
 
 
Figure 2.86 Schematic illustration of weld metal transfer modes. 
 
2.4.2 Effect of CO2 addition to weld metal transfer mode maps 
Pires, I. et al studied the effect of seven shielding gas mixtures on the weld metal transfer 
maps using ER70S-6 1.2mm diameter filler wires. [79] 
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Figure 2.87 Schematic illustration of arc current and voltage time variation in short circuiting. 
 
Figures 2.88a and b represent the metal transfer maps of 98%Ar-2%CO2 and 82%Ar, 
18% CO2, respectively. It is obvious that in the range of 16 to 20V and with 18%CO2 addition, 
short circuiting transfer mode is dominating for a wide range of current. This indicates that the 
higher addition of CO2 significantly promotes the short circuiting mode and explains why 
additions of CO2 in shielding gas mixtures is industrially needed for short circuit transfer mode 
applications. [79] 
 
(a) 
 
(b) 
 
Figure 2.88 Weld metal transfer mode maps using Ar+2%CO2 (a) and Ar+18% CO2 (b) 
 
Pires at al. related these results to the high conductivity of CO2 which increases heat 
losses in the arc vicinity and therefore higher voltage is needed to maintain arc stability of the 
same current range. Figure 2.89a is a schematic illustration of possible arc shapes when using 
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low CO2 addition (left) and high CO2 addition (right) in conjunction with temperature 
distributions where isothermal lines are indicated. Due to higher thermal conductivity of CO2, 
the isothermal lines are separated, the arc widens and the droplet size increases, promoting short 
circuiting transfer with higher CO2 content. With no or low CO2 additions, a result of inner 
isothermal distribution, longer arc length and lower droplet size is observed. In addition, as a 
result of such configuration, the arc ability to envelop droplets lowers which makes the anodic 
spot contract and therefore a shorter electric conduction zone results. This is illustrated in figure 
2.89b for both low CO2 (left) and high CO2 additions. The conduction zone contraction with 
higher addition of CO2 causes the magnetic field to become stronger in the arc root than in the 
electrode and current lines to converge resulting in retention electromagnetic force instead of 
detaching. With lower CO2 additions, the arc envelopes the droplet and the conduction zone 
enlarges causing the current lines to diverge and electromagnetic force to change from retention 
to detaching. [79] 
 
(a) 
 
(b) 
 
Figure 2.89 Schematic illustration of temperature distribution and droplet size when using high 
CO2 (right) and low CO2 (left) in shielding gases (a) and conduction zone shapes 
when using high CO2 (right) and low CO2 (left) (b). 
 
As shown in figure 2.88b, with higher voltages than short circuiting mode and low 
current level, addition of CO2 promotes repulsive transfer mode in the expense of globular 
transfer mode. In addition to retention electromagnetic force caused by higher CO2 addition, the 
contraction of the conduction zone makes most of the heat concentrated at the root of the droplet. 
As a result, reaching the boiling temperature is a possibility which forces release of metal vapors. 
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This phenomenon promotes a vaporization repulsive force. In addition to the vaporization force, 
CO2 actively reacts with molten droplet and electrode at the arc temperature forming extremely 
volatile oxides that also add to the vaporization force. Although CO2 with oxide formation leads 
to lowering surface tension, gravitational force does not balance the cumulative repulsive 
electromagnetic and vaporization forces which eventually lead to repulsive transfer mode 
promotion at the expense of globular transfer. [79] 
 
2.4.3 Welding Optimization 
 Meneses et al. performed welding optimization using 1.2mm diameter ER70S-6 GMAW 
wire and shielding gas of 75%Ar-25% CO2. Bead on plate weldments on AISI 1020 C-Mn steel 
base metal were generated at almost a constant arc current of around 150A. Table 2.12 lists the 
welding sets in their study. [87] 
 
Table 2.12 Welding optimization sets studied by Meneses et al. 
Welding set 
Setting parameters Measured parameters 
V (V) CTWD (mm) V (V) I (A) 
1 17 15 14.9 148.3 
2 19 14 16.9 151.3 
3 21 12 18.6 151.8 
4 23 12 20.4 148.7 
5 25 9 22.2 151.8 
 
In their study, they used Vilarinho regularity index for short circuiting transfer which 
provides a relative indication of the arc stability and metal transfer regularity. The index is 
shown below: 
 �� = � + � ��  (2.62) 
 
where ��  is the Vilarinho index, � standard deviation of mean short circuiting time, � �  
standard deviation of mean arc burning time,  mean short circuiting time and �   mean arc 
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burning time. The lower the index value the more stable is the arc and regular is the metal 
transfer due to the lower standard deviations of arcing and short circuiting periods. This is 
similar to the work performed by Liu and Siewert who based their optimization on obtaining the 
minimum fluctuation in droplet transfer rates using CO2 shielding gas and ER70S-3 [85]. 
In addition, Meneses et al measured the weld metal morphology to indicate acceptable 
and unacceptable morphologies based on bead morphology consistency, wetting angle and 
penetration. Table 2.13 represents their findings. With voltages higher than 19V, the weld 
morphology was improved. The deposition efficiency increased above 19V which indicates less 
spattering. In addition, referring to Vilarinho regularity index, the best welding set they obtained 
was at 21V which showed lowest index value, standard deviation and best droplet transfer 
regularity. [87] 
 
Table 2.13 Welding optimization results, after Meneses et al. 
Welding set Voltage IV SC Bead finishing Droplet dia, 
mm 
Deposition efficiency, 
% 
1 17 1.3 Unacceptable 0.97 81.7 
2 19 1.2 Acceptable 1.08 84.7 
3 21 1.0 Good 1.12 93.6 
4 23 1.2 Good 1.40 91.6 
5 25 1.3 Good 1.57 91.3 
 
2.5 Finite-element-analysis modeling 
 Finite-element-analysis (FEA) modeling is an advanced structural computational method 
that performs the computations in fine scale, finite elements, and provides the computation 
results in every established element. The elements in each model, FEA mesh, are generated by 
computer aided design (CAD) software. In order to perform FEA computation, the following 
steps have to be followed [101]: 
- Preprocessing: subdividing the problem domain into finite elements. 
- Element formulation: development of equations for elements. 
- Assembly: obtaining the equations of the entire system from the equations of individual 
elements. 
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- Solving the equations. 
- Post-processing: determining quantities of interest, such as stresses, temperature and 
visualization of the response. 
 
2.5.1 Heat source models 
To enable FEA of arc welding, many heat source models were proposed for simulating 
the weld pool morphology and its formation phenomenon during arc welding processes [88]. 
The disc model was proposed by Pavelic et al [88, 89]. In this model, the heat input is 
distributed in a Gaussian manner as shown in figure 2.90. 
 
 
Figure 2.90 Schematic illustration of disc arc welding heat source model. 
 
The heat flux is distributed according to the following equation: 
 = . − 2 (2.63) 
 
where q(r) is the surface flux at radius r, q(0) the maximum  flux at the center of the heat source, 
C concentration coefficient and r is the radial distance from heat source center. The 
concentration coefficient effect is shown in figure 2.90 and is directly related to the heat source 
diameter through the equation: = √  (2.64) 
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where d is the heat source diameter of heat source. Generally, the disc model can be sufficient 
for simulating weld metals that have low penetrations. However, for deep penetration welding, 
other heat source models should be used. 
The hemispherical power density model was first proposed to tackle deep penetration 
welding simulations, figure 2.91 [88]. This model assumes hemispherical Gaussian distribution 
and is expressed by the following equations: 
 , , � = √ √ . − 2/ 2 . − 2/ 2 . − �2/ 2 (2.65) � = + � −  (2.66) = �ɳ (2.67) 
 
where q is the power density, Q is the heat input rate, I, V and ɳ are arc current, voltage and 
efficiency, x, z and y are coordinates shown in figure 2.91, v is the travel speed, t is the time,  is 
the lag factor used to define the position of the heat source in the weldment at t=0, C is the same 
concentration coefficient and can be calculated using equation 2.64. 
 
 
Figure 2.91 Schematic illustration hemispherical model with coordinate axes. 
 
However, weld pool in many arc welds is far from being spherical. Therefore, the 
ellipsoidal power density model was proposed to tackle lack of spherically asymmetric weld 
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pools which is the case of almost all weld pool generated by arc welding processes. The 
ellipsoidal model assumes a Gaussian distribution in an ellipsoidal shape source and is expressed 
by the following equation: 
 , , � = √ √ . − 2/ 2 . − 2/ 2 . − �2/ 2 (2.68) 
 
where q is the power density, a, b and c are the semi-axes of the ellipsoid in the directions x, y 
and ξ in figure 2.91. ξ and Q are calculated using equations 2.66 and 2.67, respectively. 
According to Goldak et al., arc welding processes weld pools are found with much 
steeper temperature gradients in the front and shallower gradients in the trailing regions than 
estimated by the ellipsoidal model. To overcome such limitations, a double ellipsoidal heat 
source model was proposed by Goldak et al. Such model considers also a Gaussian distribution 
in two front and rear half ellipsoids as illustrated in figure 2.92. 
 
 
Figure 2.92 Schematic illustration double ellipsoidal heat source model. 
 
It has been commonly called Goldak heat source and is expressed according to the following 
equations: 
 , , � = √ √ . − 2/ 2 . − 2/ 2 . − �2/ 2 (2.69) 
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, , � = √ √ . − 2/ 2 . − 2/ 2 . − �2/ 2 (2.70) + =  (2.71) 
 
where qf and qr are the power density distributions, and ff and fr are fractions of heat deposited in 
the front and rear quadrants of source model, respectively. The width, a, and depth, b, axes 
parameters of both quadrants should be identical. However, the front axes parameters of each 
quadrant is different where the rear quadrant has higher length than the front to simulate the 
steeper and shallower transient temperature gradients during modeling. Such parameters are 
called Goldak parameters. The Goldak heat source geometry is close to simulate heat distribution 
in arc weld pools and tackles the relatively steep and shallow temperature gradients in the front 
and trailing parts of a weld pool. The width, penetration, length and heat deposition fractions of 
the weld pool can be independently simulated without the need of spherical symmetry imposed 
by the hemispherical heat source model. Such parameters are usually iteratively calibrated to 
reach melting point in the exact weld metal geometry during FEA modeling. 
Currently, almost all FEA arc welding simulations use Goldak heat source model. In the 
absence of weld pool actual geometry, Goldak et al. suggested taking the front quadrant length 
parameter to be half of the rear quadrant length parameter. They also suggested estimating the 
front quadrant heat fraction to be quarter of the rear quadrant fraction. Recent researchers have 
used Goldak heat source model with such estimations and found acceptable results [90-93]. 
 
2.5.2 Modeling databases literature review 
FEA requires thermo-mechanical and physical properties in order to perform the 
numerical simulation [13]. For FEA that does not consider phase transformations, the following 
properties quantified as a function of temperature have to be available [13]: 
- Specific heat and density. 
- Elastic Modulus 
- Poisson’s ratio 
- Yield strength 
- Thermal expansion coefficient 
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- Post yielding stress strain curves 
- Thermal conductivity 
In order to perform an FEA that considers properties of every metallurgical phase, the 
same aforementioned properties quantified from room temperature to melting temperature for 
every phase should be incorporated. In addition, continuous cooling transformation and 
austenitization diagrams should be incorporated in the database in order to enable the FEA 
simulation to shift between properties once transformation occurs. [13] 
Karlsson generated thermo-properties database for C-Mn micro-alloyed fine grained 
structural steel from room temperature to 800ºC. Such collection of thermo-properties is 
presented in figure 2.93. It can be seen that the specific heat covers the transformation effect at 
about 700ºC. [94, 13] 
 
 
Figure 2.93 Property database of C-Mn micro-alloyed steel, after Karlsson. 
 
Richter has compiled such property values related to mild, low-alloy and high-alloy 
(austenitic) classes of steels except yield strength. Such properties are shown in figures 2.94 and 
2.95 for thermal expansion coefficient, modulus of elasticity, Poisson’s ratio, density, thermal 
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conductivity, thermal diffusivity and specific heat all quantified from room temperature to 750ºC 
[13].  
 
(a) 
 
(b) 
 
(c) 
 
(d)  
 
Figure 2.94 Temperature distribution of thermal expansion coefficient (a), elastic modulus (b), 
Poisson’s ratio (c) and density (d) of different classes of steel. 
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(a) 
 
(b) 
 
(c) 
  
Figure 2.95 Temperature distribution of thermal conductivity (a), thermal diffusivity (b), and 
specific heat (c) of different classes of steel. 
 
Indeed, it can be seen that austenitic steels have higher thermal expansion coefficients 
than ferritic steels and austenitic steels usually have higher residual stresses than ferritic steels. 
Although such figures are experimentally quantified and present an initial valuable mean to 
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validate a newly generated property-database, such properties are banded for each class of steel 
and the use of property database for the specific material is a must for accurate FEA results. 
Chang et al. generated properties databases for ASTM A106 grade B and A36 which are 
close to A516 grade 70 C-Mn steel. Figure 2.96 and table 2.14 represent the thermo-properties 
quantified from room temperature to 1500 C for A106 grade B and A36, respectively. [95, 96] 
 
Table 2.14 Property database of ASTM A36, after Chang et al. 
T (ºC) C (J/Kg/ ºC) K (W/m/ ºC) α (10-6/ ºC) σy (MPa) E (GPa) 
20 450 51 11.2 380 210 
100 475 50 11.8 340 195 
210 530 49 12.4 320 195 
330 560 46 13.1 262 185 
420 630 41 13.6 190 168 
540 720 38 14.1 145 118 
660 830 34 14.6 75 52 
780 910 28 14.6 40 12 
985 1055 25 14.6 38 11.8 
1320 2000 32 14.6 28 10.4 
1420 2100 42 14.6 25 10.2 
1500 2150 42 14.6 20 10 
 
 
Figure 2.96 Property database of ASTM A106 grade B, after Chang et al. 
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Angris et al. generated stress-strain curves at temperature range from 20 to 600ºC for St 
37 steel which is equivalent to A283 grade C steel with major alloying elements composition of 
0.24 wt% C, 0.9 wt% Mn, 0.4 wt% Si and 0.2 wt% Cu. Figure 2.97 represents their collection of 
stress-strain curves and maximum and 0.1% strain yield strength quantified as a function of 
temperature [102]. However, true stress-strain curves are required to provide accurate FEA 
computational results since engineering stress-strain results are dependent on initial cross section 
area. 
 
 
Figure 2.97 Stress strain curve at different temperatures (a) and yield strength as a function of 
temperature (b) of St37 C-Mn steel. 
 
Michailov et al. generated thermo-properties that are specific to each metallurgical phase 
from room temperature to 1200ºC in CrMoV steel. Such property quantification is required in 
FEA simulations that consider phase transformation and phase properties yielding more accurate 
results. Figure 2.98 shows an example of such properties quantified. [13] 
Thermal strain is one of the important properties that express effect of different phase 
transformations. Johnson et al has generated dilatometer curves for different regions in welding 
heat-affected zone in fine grained C-Mn steel each having a different peak temperature with 
constant cooling rate (t8/5=22s) which is shown in figure 2.99. [103] 
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Figure 2.98 Thermo-mechanical properties of each phase in CrMoV steel, after Michailov et al. 
 
 
Figure 2.99 Dilatometer curves of different peak temperature HAZ regions. 
 
Rammerstorfer et al. observed that the yield strength is diminished during the 
temperature range of transformation as shown in figure 2.100 for high alloy Ni-steel [104]. They 
proposed that during microstructural transformations in the presence of stresses, a plastic 
deviatoric transformation strains occurs in addition of the volumetric crystal volume change 
strains and called this phenomenon as transformation plasticity. However, this effect is usually 
not considered in FEA modeling for most researchers and to the modeling performed in this 
thesis work. 
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Figure 2.100 Transformation plasticity in high alloy Ni-steel, after Rammerstorfer et al. 
 
2.5.3 AWS guide to weld mechanics computation validation 
The AWS A9.5, guide for verification and validation in computation weld mechanics, 
provides description of different modeling techniques and suggested experimental steps towards 
modeling verification and validation. It stems some of its rules from ASME V&V 10, guide for 
verification and validation in computational solid mechanics, and further specializes its guidance 
into welding modeling applications [105, 106]. Under annex B, AWS A9.5 provides a list of 
commercial software for welding computation and modeling examples which is shown below: 
- SYSWELDTM   <http://www.esi-group.com/products/welding/sysweld> 
- Vr Weld < http://goldaktec.com/newsandevents.html> 
- EWeldPredictorTM < http://calculations.ewi.org./vjp/EWeldPredictor.html> 
According to AWS A9.5 and ASME V&V [105, 106], the following are suggested 
experiments for weld modeling validations: 
1. Temperature measurement through use of high temperature thermocouples. 
2. The size and shape of weld metal should be estimated from several weld cross section 
macrographs. 
3. Residual stress measurements that have resolutions (or gauge volume) that are 
comparable to the FEA modeling 3D element size. 
4. For microstructure evolution models, hardness maps are useful for validating the phase 
amounts computation results. 
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5. For models that study welding arc and weld pool convection and metal transfer, high 
speed video along with strain gauge installation are recommended. The strain gauge is 
aimed to record the time the arc passed such installation location. 
In this thesis work, the first four validation experimental means, which are applicable to 
the present work, were conducted and chapter five is devoted for experimental validation results 
and discussion. 
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CHAPTER THREE: EXPERIMENTAL PROCEDURES 
 This chapter details the procedures and justifications of FEA and experiments performed 
to validate the FEA results. Welding optimization procedure, criteria and results are also detailed 
and discussed. 
 
3.1 Base metal and filler wire properties 
In the thesis work, base metal plates of ASTM-516 grade 70 pressure vessel quality (PVQ) 
C-Mn steel were used. The plate dimensions were set as 254mmx178mm with three different 
thicknesses of 6.35, 12.7 and 19.05mm. The plate chemical composition and mechanical 
properties obtained from the mill test certificates (MTR) are shown in tables 3.1 and 3.2, 
respectively. Chemical composition and mechanical property ranges are included to present 
different used patches each having its own composition. 
 
Table 3.1 A516 grade 70 base plate chemical compositions 
Element C Mn Si P Nb 
Composition, wt% 0.17-0.21 1-1.3 0.3-0.45 0.01-0.04 0.003 
Element V Ti  Al  Cr  Ni 
Composition, wt% 0.001-0.026 0.001-0.004 0.03 0.09-0.16 0.11-0.17 
Element S Cu    
Composition, wt% 0.001-0.005 0.075-0.36    
 
Table 3.2 A516 grade 70 base plate mechanical properties 
Yield strength, MPa Tensile strength, MPa Elongation% at 50mm 
gauge length 
376-397 520-552 26-31 
 
The filler wire used in the study is a conventional GMAW C-Mn steel wire, ER70S-6, 
with diameter of 1.2mm. Tables 3.3 and 3.4 provide the chemical composition after AWS 5.18 
specification and typical as-welded mechanical properties using 75%Ar-25%CO2 [110, 111]. In 
addition, table 3.5 represents the minimum mechanical requirements according to AWS 5.18 
specification. Such requirement of mechanical properties is lower than the typical due to the use 
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of CO2 shielding gas. Use of 75%Ar-25%CO2 yields higher yield and tensile strengths than 
shown in table 3.5. 
 
Table 3.3 ER70S-6 filler wire composition after AWS specification. 
Element C Mn Si P Cu 
Composition, wt% 0.06-0.15 1.40-1.85 0.80-1.15 0.025, max 0.5, max 
Element V S Al  Cr  Ni 
Composition, wt% 0.03, max 0.035, max 0.03 0.15, max 0.15, max 
Element Mo     
Composition, wt% 0.15, max     
 
Table 3.4 ER70S-6 typical mechanical properties 
Yield strength, MPa Tensile strength, MPa 
Elongation% at 50mm 
gauge length 
483-517 586-621 28 
 
Table 3.5 ER70S-6 minimum required mechanical properties after AWS requirements 
Yield strength, MPa Tensile strength, MPa Elongation% at 36mm 
gauge length 
400 480 22 
 
3.2 Welding procedure and optimization 
Following the research objectives, section 1.2, single pass bead-on-plate weldments were 
prepared using constant voltage Miller Auto AxcessTM 450 GMAW machine in order to simulate 
single bead external attachment welds. For single pass attachment welds, the bead-on-plate 
application should be more conservative that the actual single pass lap joint illustrated in figure 
1.2 due to the higher penetration typical with bead-on-plate application. This should enables 
yielding more conservative residual stress results and thereby conservative study conclusions. 
Prior to welding, the welding region in base plate was cleaned from adherent scale using angle 
grinder with zirconia flap discs of 40 to120 grit size. Following the procedure handbook of arc 
welding by Lincoln [108], a pushing angle of 10 degrees was maintained with distance from the 
contact tip to electrode tip (electrode extension) kept at 9mm. The distance from the workpiece 
to electrode tip was also maintained at 1mm. Figure 3.1 shows schematic drawings of the plate 
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dimensional details, welding path, pushing angle and electrode extension. The arc current, 
voltage and welding time were tracked using current and voltage sensors controlled by Arc 
Agent 3000P hardware and ARClient software. 
 
(a) 
 
(b) 
 
Figure 3.1 Schematic illustrations of plate dimensions and welding path (a) and pushing angle 
and electrode extension (b). 
 
In this study, low heat input value setting was maintained. The reason behind such 
methodology is that if high residual stresses exist in the bottom surfaces that are to be exposed to 
SCC inducing environments with low heat input values, the PWHT should therefore be 
recommended with most heat input value setting. To enable low heat input, short circuiting 
transfer mode was targeted to obtain low arc currents and voltages. To promote the short-
circuiting mode, the shielding gas used was 75%Ar-25%CO2, i.e. C-25, with flow rate 
maintained at 0.76 m3/hr (27 ft3/hr). The travel speed was controlled using a Bug-O Go-FER III 
crawling system and maintained at 6.49 mm/s, following the procedure handbook of arc welding 
[108]. 
Looking into figure 2.88b which shows the weld metal transfer map of ER70S-6 using a 
shielding gas composition close to C-25, a welding matrix with welding parameters located in 
the short circuiting transfer region was followed in order to optimize electrode weldability and 
identify welding parameters with best weld metal morphology.  The criteria for welding 
optimization were to obtain best weld bead width consistency, and acceptable contact angle and 
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penetration to width ratio. Table 3.6 shows the welding matrix, where “X” indicates each 
welding set. 
The major concern noticed during welding optimization was the undesirable weld bead 
width variation. Figure 3.2, shows an example of weld metal photograph of 18V, 166A welding 
set. In addition, the cross section weld metal macrographs taken at the abrupt width variations 
consistently showed an unacceptable wetting angle, as shown in figure 3.3. As shown in figure 
3.3, such abrupt weld width variations are attributed mainly to weld metal overlapping defects. 
 
Table 3.6 Welding optimization matrix 
 Arc current, A 
Voltage 79 106 130 150 166 185 195 208 215 235 
16  X X X X X X X X X 
18 X X X X X X X X X X 
19 X X X X  X X X X X 
20 X X X X X X X X X X 
21 X X X X  X X X X X 
22 X X X X X X X X X X 
23 X X X X    X X X 
 
In order to identify the best welding sets, the most consistent bead width was identified 
and the number of deviations from such width in both fusion lines was counted for each welding 
set. The number of deviations was then normalized by twice the length of weld metal. Table 3.7 
represents the number deviations per cm weld metal length of each welding set. 
It was observed that the arc current and voltage ranges of 106 to 150A and 18 to 23V 
showed a region with relatively low number of bead width variations. Although the number of 
variations was relatively low at welding sets with 79A, the resulting weld metal morphology was 
unacceptable and showed poor electrode weldability. Figure 3.4 shows an example of 23V, 79A 
welding set illustrating regular weld bead variation. It is probable that with very low current and 
high voltages that globular transfer took apart. In addition, the penetration to width ratios at such 
welding sets were low due to the low amount of current where it is recommended to obtain 
higher penetration to width ratio. 
In order to study the effect of heat input while maintaining low heat input values, five different 
welding sets were selected for microstructure, residual stress and distortion study among the 
grey-shaded region in table 3.7. These sets with their corresponding heat input per unit length are 
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shown in table 3.8. Figure 3.5 show photographs of example welding sets in table 3.8. Such 
welding sets are close the optimization results of Meneses et al. where they identified that an arc 
voltage of 21V with arc current of 150A is the best welding set, table 2.12. Such optimization 
study was performed using bead-on-plate welding, 1.2mm diameter ER70S-6 and 75%Ar-
25%CO2 shielding gas. The arc current and voltage signals at the welding sets, in table 3.8, 
showed a behavior of short circuiting transfer mode, as presented in figure 2.87. Figure 3.6a and 
b show an example of the arc current and voltage variation as a function time of 20V, 130A 
welding set, respectively. 
 
Figure 3.2 Weld photograph of 18V, 166A welding set showing bead width variations 
 
 
Figure 3.3 Weld metal cross-section macrograph taken at bead width variation for 21V, 195A 
welding set. P: penetration, W: width, R: reinforcement, L WA: left-side wetting 
angle, R WA: right-side wetting angle 
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Figure 3.4 Weld metal photograph of 23V, 79A welding set showing poor electrode 
weldability. 
 
(a) 
 
(b) 
 
(c) 
 
Figure 3.5 Weld photographs of 22V, 106A (a), 22V, 130A (b) and 22V, 150A welding sets. 
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Table 3.7 Number of bead width deviations per cm for each welding set 
   Arc current, A 
Voltage 79 106 130 150 166 185 195 208 215 235 
16  2.52 2.46 2.99 3.35 2.28 2.99 3.55 3.81 3.35 
18 2.22 2.4 2.76 3.46 3.39 3.95 3.32 3.72 3.92 4.08 
19 2.23 1.76 2.05 2.12  3.77 3.80 3.50 3.29 3.2 
20 2.12 1.83 2.08 2.28 2.87 3.4 3.33 3.92 3.35 3.64 
21 2.23 1.8 2.15 2.03  3.04 3.4 3.32 3.70 3.57 
22 2.26 2.00 1.52 2.13 2.88 3.20 3.39 3.21 3.22 3.89 
23 2.48 2.22 1.77 2.17    3.36 3.55 3.45 
 
(a) 
 
(b) 
 
Figure 3.6 Arc current (a) and voltage (b) as a function of time for 20V, 130A welding set. 
 
V
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Table 3.8 Welding sets selected in research 
Welding Set Heat Input, J/mm 
20V, 106A 327 
22V, 106A 361 
20V, 130A 401 
22V, 130A 441 
22V, 150A 509 
 
3.3 Preheating temperature determination 
The Graville chart is used for carbon and low alloy steel welding to determine the need of 
preheating and PWHT to avoid hydrogen assisted cold cracking based on carbon composition 
and carbon equivalent [109]. Such chart is shown in figure 3.7 where welding conditions located 
in zone I do not require preheating and PWHT, zone II require preheating and zone III require 
both preheating and PWHT to avoid cold cracking. From the base metal compositional range 
observed in table 3.1, the carbon content ranges from 0.17 to 0.21wt% and carbon equivalent 
ranges from 0.36 to 0.49 which indicate that A516 grade 70 requires preheating to avoid cold 
cracking, as indicated in the shaded region in figure 3.7. 
 
 
Figure 3.7 Graville chart with A516 grade 70 carbon content and IIW equivalent indicated. 
A516 grade 70 
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Therefore, in order to simulate the actual condition, the preheating effects on residual 
stresses and metallurgical phases were studied in the Sysweld FEA. In this work, the preheating 
temperature was determined by Yurioka et al. chart methodology to determine the minimum 
necessary preheating temperature which is more stringent than BS and AWS standards [112]. 
Following Yurioka et al., the necessary preheating temperatures were mainly determined using 
y-groove weld cracking tests. The minimum necessary preheating temperature which is the 
lowest temperature at which no cold cracking was observed in cracking testing was correlated 
with base metal thickness, heat input, amount of diffusible hydrogen in weld metal, weld metal 
yield strength, and type of base plate which is categorized using a new carbon equivalent formula 
(CEN) shown below: 
 = + . { � + + + + + � + � + + } (3.1) = . + . . tanh { − . } (3.2) 
 
Figures 3.8a illustrates the minimum necessary preheating temperature as a function of 
CEN and base metal thickness for heat input of 1.7 kJ/mm and 5ml/100g diffusible hydrogen. 
Figures 3.8b and c are corrections to CEN values as a function of diffusible hydrogen in weld 
metal and heat input per unit length, respectively. Figure 3.8d is another correction to the 
preheating temperature as a function of weld metal yield strength. 
Using an online freeware developed by Yurioka et al. which uses such methodology and 
y-groove testing database, the minimum necessary preheating temperature for each thickness was 
calculated. In the freeware, the maximum chemical composition in table 3.1, heat input of 327 
J/mm, arc efficiency of 80%, diffusible hydrogen of 5ml/100g, and weld metal yield strength of 
500 MPa typical for ER70S-6 were input. Table 3.9 lists the preheating temperature for each 
base plate thickness. Such values were used to study the preheating effect on residual stresses 
and metallurgical phases in Sysweld FEA. 
 
3.4 Sysweld FEA modeling 
Commercial finite-element analysis (FEA) software, Sysweld, was used in order to 
simulate the single bead-on-plate welding. The FEA used considers phase transformation effects 
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and computes temperature, metallurgical phases, residual stresses and distortion through the use 
of material-property databases that are varied as a function temperature and metallurgical phase. 
For heat source simulation, the Goldak double-ellipsoidal heat source model for arc welding was 
used, figure 2.92, where Goldak parameters were iteratively calibrated to ensure the total weld 
metal is melted. 
Sysweld FEA uses sequentially-coupling analysis feature where the computation and 
analysis are divided into two modules, thermo-metallurgical and mechanical. The thermo-
metallurgical module is first performed to compute transient temperature profiles during welding 
using thermal-property database such as thermal conductivity and specific heat for each 
metallurgical phase present. In the same module, the phase transformations through the use of 
CCT and austenitization diagrams are computed and analyzed using the temperature results 
which are performed simultaneously with temperature computation. 
The second module is the mechanical which uses the transient temperature and phase 
transformation results at each node and element to perform the mechanical computations and 
analyses that include residual stresses, strains and distortion. It uses the mechanical-property 
database for FEA and computation such as Young’s modulus, yield strength, strain hardening, 
Poisson’s coefficient, and thermal strain varied as a function of temperature and metallurgical 
phase. The transient transformation induced strains are obtained by the calculating the difference 
between thermal strains of each phase in conjunction with the transformation rate. 
The weld metal elements and nodes that are in advance of the Goldak heat power source 
are considered dead elements and therefore are only taken part in the FEA computations once the 
heat source passes through them. 
 
3.4.1 Modeling preparation workflow 
Figure 3.9 represents the Sysweld modeling preparation workflow that was followed in 
Sysweld FEA. The first step is to perform 3 and 2 dimensional (3D and 2D) element meshing the 
matches the weldment geometry. The second step is to locate the boundary conditions that can be 
used to impose clamping, heating or cooling details. The welding path location is then designated 
followed by assigning the corresponding material database of the base plate and weld metal. 
Afterwards, the welding process is selected and the details such as heat input, arc efficiency, 
travel speed and Goldak heat source parameters are input. The last step prior to computational 
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start is to specify the details in the boundary conditions where free or forced air cooling, 
clamping or unclamping, inclusion of preheating and PWHT are imposed. 
 
(a) (b) 
(c) (d) 
Figure 3.8 Database for Yurioka et al. chart method for minimum necessary preheating 
temperature determination. 
 
Table 3.9 Minimum necessary preheating temperatures 
A516 base metal thickness, mm Preheating temperature, ºC 
6.35 95 
12.7 117 
19.05 135 
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Figure 3.9 Sysweld FEA modeling preparation workflow 
 
3.4.2 Weld metal geometry and Thermo-Calc® simulation 
Following AWS A9.5 [105], the weld metal geometry in meshing has to meet th 
dimensions actually observed in weld metal cross sectional macrographs. For each welding set in 
table 3.8, five cross sections were randomly taken in order to obtain five different macrographs. 
In each macrograph, the weld metal penetration, reinforcement, width and the contact angles 
were measured with averages and sample standard deviations being calculated. Figure 3.10 
shows a macrograph taken for 22V, 106A welding set with weld metal geometry details 
indicated. Table 3.10 represents the weld metal geometry measurements of each macrograph in 
such welding set. Table 3.11 represents the average dimensions for each welding set  table 3.8. 
The averages of each dimension were then considered the input for weld metal geometry in 
modeling.  
 
 
Figure 3.10 Weld metal macrograph taken for 22V, 106 welding set. P: penetration, W: 
width, R: reinforcement, L WA: left-side wetting angle, R WA: right-side 
wetting angle. 
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Table 3.10 Weld metal geometry parameters for 22V, 106A welding set* 
Macrograph 
no.  
Width Reinforcement Penetration P/W 
ratio 
Right 
wetting 
angle 
Left 
wetting 
angle 
Average 
wetting 
angle 
1 6.7 1.4 0.9 0.13 37 28 33 
2 6.6 1.5 0.9 0.14 39 33 36 
3 5.6 1.7 1.0 0.18 42 47 44 
4 7.1 1.8 0.9 0.13 41 34 38 
5 6.8 1.2 0.8 0.12 26 15 21 
Average 6.6 1.5 0.9 0.14 37 31 34 
SD(S) 0.6 0.2 0.1 0.02 6 11 9 
*Length measurement unit is mm. P/W is penetration to width ratio. 
 
Table 3.11 Average weld metal geometry parameters of welding sets in table 3.8* 
Welding 
Set 
Width Reinforcement Penetration P/W ratio Average wetting angle 
20V, 106A 5.1 1.7 1.0 0.20 36 
20V, 130A 5.9 1.9 1.5 0.26 40 
22V, 106A 6.6 1.5 0.9 0.14 34 
22V, 130A 6.3 2.1 1.2 0.20 42 
22V, 150A 6.7 2.3 1.7 0.25 41 
*Length measurement unit is mm. P/W is penetration to width ratio. 
 
Thermo-Calc® was used to determine the exact weld metal melting point for FEA Goldak 
heat source parameters calibration. The average composition of base plate and filler wire were 
considered. All welding sets have shown an area calculated dilution of 37 to 44% base metal 
dilution. From the dilution calculation, the weld metal is estimated to have 0.14wt% C.  Figure 
3.11 shows a part of pseudo-binary diagram obtained from Thermo-Calc®. At such carbon 
content, the liquidus temperature is around 1515ºC. Therefore, this temperature was maintained 
in the weld metal region of the FEA simulation. 
 
3.4.3 Meshing strategy and Goldak heat source calibration 
In the meshing step, the base plates were built with dimensions of 254mmx178mm and 
three different thicknesses, 6.35, 12.7 and 19.05mm. In each welding set, the weld metal 
geometry met the average dimensions obtained in table 3.11. Figure 3.12a shows an isometric 
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view of the model whereas figure 3.12b shows a transverse cross sectional view of the 3D 
meshing body for 12.7mm base plate thickness application. 
 
 
Figure 3.11 Part of Pseudo-binary diagram of weld metal calculated using Thermo-Calc® 
 
Quadrilateral 3D elements were built in the base metal with three different element sizing 
zones. The finest zone is located surrounding and underneath the weld metal in order to study 
residual stress extension from fusion boundary to the bottom surface with fine increments to 
capture the high peak temperature gradient inherent in the HAZ region. Due to the weld metal 
surface curvature, both triangular and quadrilateral 3D elements were built in the weld metal 
region with maximizing the number of quadrilateral elements. In the triangular elements, no 
internal angle was observed below 15 degrees. The cross sectional view in figure 3.12b 
represents a separate layer where 60 layers were repeated to create the total weldment volume. 
The interlayer distance was minimized at the weld start and end regions to capture the changing 
thermal conditions at the weld metal start and end locations. The distance was gradually 
maximized towards the center of welding path since the thermal conditions approach a steady 
state. The welding path where the Goldak heat source centroid passes through was maintained to 
pass through the point located at the center of the weld metal width and separating the weld 
metal penetration and reinforcement and, as shown in figures 3.13a and b. 
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(a) 
 
(b) 
 
Figure 3.12 Isometric view (a) and transverse cross-sectional view (b) of FEA meshing 
followed. 
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(a) 
 
(b) 
 
Figure 3.13 Model isometric view (a) and transverse cross-sectional view (b) showing the 
welding path assignment details. 
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To ensure the melting temperature of 1515ºC is reached and exceeded in the weld metal, 
iterations of the Goldak heat source parameters were performed until exact melting is 
constrained in the weld metal region. Figure 3.14 represents the transient temperature 
distribution at the time when weld metal was completely melted, for welding set of 20V, 106A 
and 6.35mm base metal thickness. 
 
 
Figure 3.14 Transient temperature distribution at the time when weld metal is melted for 20V, 
106A welding set and 6.35mm thickness. Scale bar unit: ºC 
 
3.4.4 Boundary conditions 
For cooling boundary conditions, 2D surface elements were created at exterior surfaces 
of the complete weldment where free air cooling at ambient temperature of 20ºC is imposed. 
Figure 3.15a shows the surface 2D elements of 20V, 106A welding set and thickness of 
19.05mm. In addition, three nodes were selected as reference points to measure displacements 
after welding computation is complete. This is illustrated in figure 3.15b for the same welding 
set and base plate thickness. 
 
3.4.5 Clamping configuration 
In actual cases, the external attachment welds are performed in relatively long rigid 
structures where free movements due to welding distortion are appreciably constrained. In order 
to approach such cases and study the clamping effects on residual stress results, the 2D elements 
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located at each weldment transverse edge were selected for clamping where displacements in x, 
y and z axes are constrained. Figure 3.16, shows such clamping configuration where 
displacements in the 2D red surfaces are restricted. 
 
(a) 
 
(b) 
 
Figure 3.15 2D exterior cooling boundary condition surface (a) and three nodes in the same 
plane for displacements measurements (b)  
 
3.4.6 Modeling material-property databases 
In addition to CCT and austenitization diagrams, Sysweld software requires the use of 
material property database where each property is varied as a function of temperature and 
transient metallurgical phase. Below is the list of properties that are required for the simulation: 
1. Young’s modulus. 
2. Yield strength. 
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3. Strain hardening. 
4. Poisson coefficient. 
5. Thermal strain 
6. Thermal conductivity 
7. Specific heat 
8. Density 
 
 
Figure 3.16 Clamping configuration induced to study clamping effect using FEA. 
 
In this work, Sysweld in-house material databases generated for A516 grade 70 and 
ER70S-6 were used. Figure 3.17a to d show the yield strength, young’s modulus, thermal strain 
and thermal conductivity of A516 grade 70. Figures 3.18a to d show the same properties 
respectively for ER70S-6. The only deficiency that was observed is the base metal (ferrite and 
pearlite) yield strength of 420 MPa at room temperature which is quite close but higher than the 
actual average engineering yield strength of 386 MPa by 8%. Therefore, it was necessary to 
normalize the residual stress results by yield strength when compared with hole-drilling strain 
gauge results. In addition, the room temperature yield strength of ferrite and bainite in weld 
metal is observed 517MPa which is within the yield strength range typically observed with use 
of 75%Ar-25%CO2, as indicated in table 3.4. From figures 3.17b, c and d and 3.18b, c and d, all 
phases have almost the same database values except austenite. In addition, in figure 3.18a, it is 
estimated that bainite and ferrite have quit close yield strengths. 
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(a) 
 
(b) 
 
(c) 
 
(d) 
 
Figure 3.17 A516 grade 70 Sysweld in-house material database yield strength (a), Young’s 
modulus (b), thermal strain (c) and thermal conductivity (d).  
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(a) 
 
(b) 
 
(c) 
 
(d) 
 
Figure 3.18 ER70S-6 Sysweld in-house materi l database yield strength (a), Young’s modulus 
(b), thermal strain (c) and thermal conductivity (d). 
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3.5 Metallography 
The metallographic microstructure characterization was performed using light optical 
(Olympus PMG-3) microscopy. The microstructure was studied for all welding sets included in 
table 3.8, and 6.35 and 12.7mm base plate thicknesses. 
 
3.5.1 Sample preparation procedure 
To perform microstructural characterization at the steady state thermal condition region, 
the welded plates were transverse cross sectioned using MSX saw with SiC blades to obtain 
metallography samples at the location shown in figure 3.19. All samples included the weld 
metal, HAZ and base metal surrounding regions. 
 
 
Figure 3.19 Schematic illustration showing metallographic sample location. 
 
The samples were then hot mounted with Bakelite using LECO PR-32 and flat ground 
using SiC grinding papers at 240, 320, 400, 600, 800 and 1200 grit-size levels. The samples were 
thereafter polished using diamond slurry with alcohol extender up to a diamond particle size of 
1um. After polishing, the samples were etched using 2% Nital (2ml nitric acid and 98ml ethanol) 
by immersion for 30 to 50s. Table 3.12 summarizes the aforementioned metallographic sample 
preparation procedure.  The Nital etchant was selected to follow IIW weld metal microstructural 
classification guides [49, 50]. Using Nital, lath martensite in weld metal was observed to have 
the slowest etching response. During microstructural characterization, IIW weld metal 
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microstructural classification was then followed to identify each phase present in the weld metal 
region [49, 50]. An effort was exerted to distinguish between Widmanstatten ferrite and bainite 
during. 
 
Table 3.12 Metallographic sample procedure 
Preparation step Time 
240 grit  
320 grit  
400 grit  
600 grit  
6 µm ~5 minutes 
3 µm ~5 minutes 
1 µm ~3 minutes 
2% Nital 30-50 seconds 
 
3.5.2 Phase quantification 
The phase volume fractions in weld metal and CGHAZ closest to fusion boundary were 
determined for 6.35 and 12.7mm base plate thicknesses using the method of ASTM E562, 
standard test method for determining volume fraction by systematic manual point count [51]. For 
each welding set, 9 randomly taken field images (micrographs) in the weld metal region and 6 in 
the CGHAZ closest to the fusion boundary were collected. Using ImageJ software, the number 
of points superimposed in each field image was 130, as shown in figure 3.20 where each phase in 
each point is counted. For each welding set, the total number of points counted was 1170 in the 
weld metal and 780 in the CGHAZ. The 95% confidence interval of each phase volume fraction 
was calculated following ASTM E562. 
 
3.6 Micro-hardness tracing 
To correlate with the phase identification and quantification by metallography, Vicker’s 
micro-hardness horizontal tracing line was followed with 500 gmf load and 10 seconds dwell 
time to obtain hardness profiles, according to ASTM E92 [107]. Leco series 200 Vicker’s micro-
hardness tester was used. Figure 3.21 shows a schematic diagram of the micro-hardness tracing 
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line. At least 6 indents were taken at the base metal with indent to indent spacing of 0.25mm. At 
the HAZ and weld metal, the spacing decreases to 0.2mm due to the smaller indentation sizes. 
The tracing line was below the base metal top surface by 0.3mm distance and the starting and 
ending indentations were more than 0.4mm from the vertical specimen edges. 
 
 
Figure 3.20 Point counting grid superimposed on weld metal micrograph of 22V, 150A 
6.35mm thick base plate welding set. 
 
 
Figure 3.21 Schematic illustration of Vicker’s micro-hardness tracing line. 
 
After obtaining the hardness line tracing profiles of each welding sett in table 3.8 and for 
thicknesses of 6.35 and 12.7mm, the average weld metal hardness with the sample standard 
deviation was calculated at each welding set.
 
3.7 Hole-drilling strain gauge 
Hole-drilling strain gauge method was utilized to measure the longitudinal and transverse 
residual stresses at the bottom surfaces of the welded plates that are to be exposed to SCC 
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inducing environment. To study the effect of heat input and base metal thickness, 4 welding sets 
were selected among those listed in table 3.8 with 6.35 and 12.7mm base plate thicknesses. 
Following longitudinal and transverse residual stress distributions along the longitudinal axis, the 
selected location should be within a region of steady state where the residual stress amounts do 
not appreciably change. Therefore, the measurements were taken at transverse and longitudinal 
axes cross section point as illustrates in figure 3.22. For each heat input and base plate thickness, 
3 measurements were taken to obtain minimum statistics. 
In addition, to validate the bottom surface residual stress distributions along the 
transverse and longitudinal axes resulting from FEA, 5 measurement locations were performed 
along the transverse axis and 3 along the longitudinal. In addition, 3 measurement locations were 
performed in the transverse axis of the base plates without welding. Such measurements are 
taken to identify the amount of residual stresses existent in base plate prior to welding. 
 
 
Figure 3.22 Schematic illustration of bottom surface showing longitudinal and transverse axes. 
 
3.7.1 Experimental setup 
The measurement procedure was maintained to meet ASTM E837 and Vishay precision-
group strain gauge application procedures. Prior to welding, the bottom surfaces at the 
measurement location area were cleaned from adherent scale using power angle grinder with 
zirconia flap disc of grit size 40. Afterwards, the surface was made smooth and flat using 
zirconia flap disc of grit size 120. The measurement location area was then SiC paper dry 
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grinded at 120, 240 and 320 grit sizes, subsequently. Wet 320 and 400 grit size SiC paper 
grinding with Vishay MCA-1 M-Prep Conditioner A (light acid solution) was then applied. The 
Vishay conditioner was used to thoroughly clean the measurement location and make sure the 
grinding pattern is reached by accelerating the effect of grinding. Vishay MN5A-1 M-Prep 
Neutralizer 5A was thereafter applied at the measurement location to counteract the conditioner 
acid effect. 
The measurement location was then marked with pencil drawing the longitudinal and 
transverse axes, figure 3.22. Due to the high welding residual stress gradients in transverse axis, 
the smallest type A 031-RE strain gauge rosette was selected. Such rosette has a hole diameter of 
1mm and maximum hole depth of 0.7mm, table 2.2 and figure 2.22. 
The gauge rosettes were bonded using Vishay M-Bond 200 adhesive and catalyst. Using 
transparent tape wider than the rosette width, the catalyst was applied to the rosette bond surface 
and left to dry for 2 minutes, figure 3.23a. Two to three drops of the M-Bond 200 adhesive were 
then applied at the tape surface junction, figure 3.23b. The tape was then wipe stroked, figure 
3.23c. A finger pressure was then applied on top of the rosette for 2 minutes, figure 3.23d, and 
the tape was removed after 5 minutes to assure bonding process is complete. 
A terminal intended to connect the Cu-wires from gauge rosette and strain data 
acquisition hardware was bonded in the same manner but kept at a distance of 40 mm from the 
strain gauge rosette. Two Cu wires for each gauge in the rosette were soldered at both strain 
gauge and terminal ends to make the required connection. 
A Vishay RS-200 milling guide was used for hole-drilling with hole depth increment 
control capability reaching 0.025 um. Marking of the milling guide pad locations was performed 
using alignment template, figure 3.24a. After marking, the milling guide pads were cemented on 
top of the bottom surface using a Vishay supplied cement kit, figure 3.24b. Figure 3.24c shows 
the bottom surface of the welded plates after gauge rosette and terminal bonding, Cu wire 
soldering and milling guide pads cementing. 
The milling guide was then installed. A microscope with cross hair was used to align the 
hole-drilling location at the center of the rosette. Figure 3.25a shows the milling guide with 
microscope installation following Vishay RS-200 milling guide installation procedure. Figure 
3.25b presents illustration of microscope cross-hair alignment, discussed. 
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(a) 
 
(b) 
 
(c) 
 
(d) 
 
Figure 3.23 Strain gauge rosette bonding steps after Vishay strain gauge application 
procedures. 
 
(a) 
 
(b) 
 
(c) 
 
Figure 3.24 Application of milling guide pad alignment template (a), Vishay cement kit (b) 
and bottom surface showing measurement location with gauge rosette and terminal 
bonded, Cu wires connected and milling guide pads cemented (c). 
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A tungsten carbide head cutter with head diameter of 0.8mm was used. The cutter 
geometry is the same as shown in figure 2.23. The cutter was installed in pressurized air turbine 
with maintained air pressure of 35 psi. Figure 3.26a shows a macrograph of the cutter used and 
installed in turbine while figure 3.26b shows milling guide setup prior to drilling. 
 
(a) 
 
(b) 
 
Figure 3.25 Milling guide with microscope installation (a) and schematic illustration of milling 
guide alignment though use of microscope cross-hair (b). 
 
During hole-drilling, a strain data acquisition of Vishay Model 6100 Scanner was used. 
Following ASTM E837 for uniform residual stress calculation, the hole-drilling and strain 
recording were performed at 13 increments, 0.05mm each, until a hole depth of 0.7mm was 
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reached, thereafter. Once drilling was complete, the hole diameter was measured and made sure 
to be within the range of 0.6 to 1mm to meet ASTM E837 requirements in table 2.3. Due to the 
use of the same cutter, the hole diameter was ranging from 0.98 to 1.02 mm. To calculate the 
uniform longitudinal and transverse residual stresses that are averaged through whole hole depth, 
the strains were input to Hole-Drill software which uses ASTM E837 equations 2.4 to 2.12 for 
uniform residual stress calculation. 
 
(a) 
 
(b) 
  
Figure 3.26 Hole-drilling tungsten carbide cutter installed in the pressurized air turbine (a) and 
milling guide set-up prior to drilling with turbine and cutter installed (b) 
 
3.8 Distortion measurements 
To validate the predicted distortion profiles from FEA, distortion measurements were 
performed at the bottom surfaces using analog micrometer depth gauge with tolerance capability 
of 0.025mm to measure the displacement at the Z-axis. The driver of distortion measurement is 
that distortion is a strong function weldment residual stresses which represent the main thesis 
emphasis. The welded plates were placed where the bottom surface faces upward and were 
balanced as shown in figure 3.27a. The distortion measurements followed four measurement 
paths as shown in figure 3.27b in order to capture the distortion at the start, middle and end of 
the weld line. In addition, the distortion measurements were taken every 10 mm along paths 2, 3 
and 4 and every 30mm along path 1. 
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(a) 
 
(b) 
 
Figure 3.27 Photograph of distortion measurement setup (a) and schematic diagram of bottom 
surface showing distortion measurement paths (b). 
 
3.9 Temperature measurements 
For FEA temperature computation validation, the temperature profiles at four different 
distances from fusion line, at the top surface, were measured. The welding set of 22V, 130A and 
6.35mm thickness was selected for the measurements. 
 
3.9.1 Thermocouples type 
A 20 gage (0.81mm) diameter Omega high temperature Inconel 600 over-braided 
ceramic fiber insulated K-type thermocouples, XCIB-K, were utilized. The over-braiding was to 
minimize, if possible, the welding arc current interference with the thermocouple temperature 
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measurement signal. The thermocouple terminals are bead welded in the temperature 
measurement side and stripped in the other end with maximum temperature sensing capability of 
1090ºC.  
 
3.9.2 Thermocouple placement 
Figure 3.28 shows a photograph of the welded plate with temperature measurement setup. 
Four thermocouples were spot welded at 35 watt using DCC Hot Spot II thermocouple welder at 
distances of 1, 1.5, 9 and 12mm from fusion line in the top surface. A minimum longitudinal 
distance of 10mm between thermocouples was maintained. A grounding connection for the 
DAQ® hardware was also installed as shown in figure 3.28. 
 
3.9.3 Temperature recording 
 The temperature readings were collected using Omega DAQ® data acquisition system 
(OMB-DAQ-3000) hardware and recorded using Daqview® software. The readings were 
obtained every 1 ms and with total duration of 200s. 
 
 
Figure 3.28 Photograph of temperature measurement set-up with four measuring 
thermocouples. 
 
3.10 HAZ depth distance measurement 
As illustrated in figure 3.29 for 22V, 106A and 6.3mm thickness welding set, the HAZ depth 
distance was measured using cross-sectional macrographs for FEA HAZ depth distance 
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validation. Such measurement and comparison can indirectly indicate how accurate the 
temperature and phase evolution computations are in FEA. In FEA, the HAZ depth distance was 
measured in the basis of base metal 3D elements transformed. Therefore, as shown in figure 
3.29a, the base metal ferrite/pearlite contour distribution was used for the FEA HAZ depth 
distance measurement and comparison thereafter. 
 
           (a) 
 
               (b) 
 
Figure 3.29 Illustration of HAZ depth distance measurement in FEA (a) and cross-sectional 
macrograph (b). Scale bar in (a) indicates ferrite/pearlite phase fraction in base 
metal and HAZ FEA part. 
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CHAPTER FOUR: MODELING RESULTS AND DISCUSSION 
 In this chapter, Sysweld FEA results, following modeling procedures in section 3.4, are 
detailed and discussed. Except for bottom surface residual stress distributions in longitudinal and 
transverse axes, figure 3.22, phase amount and residual stress results are all shown in the weld 
path middle transverse cross section, figure 4.1, in order to acquire the results pertinent to the 
steady state conditions. In through thickness distributions, in the same cross section plane, the 
temperature results are taken from FEA nodes whereas the phase amount and residual stress 
results are taken from 3D elements. The distortion profiles are taken from FEA nodes in the 
bottom surface, as detailed in figure 3.27. 
 
 
Figure 4.1 Transverse cross section plane where phase and residual stress contour and through-
thickness distribution results are obtained. 
 
4.1 Metallurgical phase distributions 
The metallurgical phase amount distributions are presented in this section. The coarse-
grained HAZ and weld metal phase results are correlated with peak temperature and t8/5 cooling 
time, whenever applicable. In addition, the effects of base metal thickness, heat input value and 
preheating on hardening capabilities and phase distributions are detailed and discussed. 
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In order to classify the heat-affected subzones, the peak temperature results in each HAZ 
node were obtained. Elements with peak temperatures above 1100ºC are considered within 
coarse-grained HAZ (CGHAZ), elements between 1100 and 950ºC are within fine-grained HAZ 
(FGHAZ) and elements below 950ºC are within inter-critical HAZ (ICHAZ). 
 
4.1.1 Contour and through-thickness distributions 
The phase amount contour distributions for 6.35mm thick base metal and 20V, 106A 
welding set are shown in figure 4.2.  The distributions are not smoothened by banding or 
smearing and therefore show the exact computed results for each displayed 3D element. The 
contour distributions in the weld metal are almost homogeneous with maximum sample standard 
deviation of 3%. 
 
(a) 
 
(b) 
 
(c) 
 
(d) 
 
Figure 4.2 Contour distribution of martensite (a), bainite (b), ferrite in weld metal (c), and 
ferrite/pearlite in base metal (d) of 20V, 106A, 6.35mm thickness welding set. 
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The corresponding through-thickness distributions are shown in figure 4.3b whereas the 
HAZ peak temperature and t8/5 distributions are shown in figure 4.3d. 
 
(a) 
 
 
 
(b) 
 
(c) 
 
 
(d) 
 
Figure 4.3 Phase amounts in weld metal, HAZ and base metal (b) following through-thickness 
3D distribution elements in (a) and HAZ peak temperature and t8/5 istributions (d) 
following dotted line in (c). 20V, 106A 6.35mm thickness welding set. 
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 As shown in figure 4.3, the HAZ depth distance is around 1.49mm. The CGHAZ is 99% 
martensitic. The t8/5 of CGHAZ 3D element closest to fusion line is 2s which is lower than the 
critical t8/5 of 3s for complete martensitic transformation, following Lundin et al. CCT diagram in 
figure 2.57.  In addition, taking the average composition of the base metal in table 3.1, the 
calculated CGHAZ critical t8/5 for 100% martensite following Yurioka et al., equation 2.41, is 
1.85s which is close to CGHAZ t8/5 modeling result. However, since Lundin et al. CCT was 
established for A516 grade 70 steel, its critical value should be more accurate. Due to the low 
heat input value of 327J/mm, martensite is present in the weld metal with average amount of 
27%. Bainite and ferrite average amounts are 62% and 11%, respectively.  
 The corresponding phase amount contour distributions for 12.7 mm thickness are shown 
in figure 4.4. Homogenous phase results in the weld metal are observed, similarly. 
 
(a) 
 
(b) 
 
(c) 
 
(d) 
 
Figure 4.4 Contour distribution of martensite (a), bainite (b), ferrite in weld metal (c), and 
ferrite/pearlite in base metal (d) of 20V, 106A, 12.7mm thickness welding set. 
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The corresponding through-thickness distributions are similarly shown in figure 4.5b 
whereas the HAZ peak temperature and t8/5 distributions are shown in figure 4.5d. 
 
(a) 
 
 
(b) 
 
(c) 
 
 
(d) 
 
Figure 4.5 Phase amounts in weld metal, HAZ and base metal (b) following through-thickness 
3D distribution elements in (a) and HAZ peak temperature and t8/5 istributions (d) 
following dotted line in (c). 20V, 106A 12.7mm thickness welding set. 
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With increasing thickness, the HAZ peak temperature distribution is steeper due to lower 
HAZ thickness distance of 1.24mm. Compared to 6.35mm thickness, the HAZ thickness distance 
decreased by 17%. The CGHAZ is 99% martensitic. The t8/5 in CGHAZ 3D element closest to 
fusion line is 1.45s which is lower than 100% martensite critical t8/5 following both Lundin et al. 
CCT diagram and Yurioka et al. empirical equation. Due to doubling the thickness and therefore 
increasing the cooling sink volume, the weld metal cooling rate is increased, increasing its 
hardening capability significantly. The weld metal martensite is present in the weld metal with 
average amount 89%. Bainite and ferrite average amounts are 6 and 5%, respectively. The 
corresponding phase contour distributions for 19 mm thickness are shown in figure 4.6.  
 
(a) 
 
(b) 
 
(c) 
 
(d) 
 
Figure 4.6 Contour distribution of martensite (a), bainite (b), ferrite in weld metal (c), and 
ferrite/pearlite in base metal (d) of 20V-106A 19mm thickness welding set. 
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The corresponding through-thickness distributions are similarly shown in figure 4.7b 
whereas the HAZ peak temperature and t8/5 distributions are shown in figure 4.7d. 
 
(a) 
 
 
 
(b) 
 
(c) 
 
 
(d) 
 
Figure 4.7 Phase amounts in weld metal, HAZ and base metal (b) following 3D elements in (a) 
and HAZ peak temperature and t8/5 distributions (d) following dotted line in (c). 20V, 
106A 19mm thick welding set. 
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With 19mm thickness, the peak temperature distribution is steepest leading to lowest 
HAZ thickness distance of 1.09mm. Compared to 6.35mm thickness, the HAZ thickness distance 
is lower by 27%. The CGHAZ is 100% martensitic. The t8/5 in CGHAZ 3D element closest to 
fusion line is 1.35s which is still lower than critical t8/5 following both Lundin et al. CCT diagram 
and Yurioka et al. empirical equation. Due to increasing the thickness, the weld metal martensite 
is present with average amount of 92%. Bainite and ferrite average amounts are 4 and 4%, 
respectively.  
It should be noted that Sysweld FEA considers two CCT diagrams only, corresponding to 
weld metal and A516 grade 70. The A516 grade 70 CCT diagram is close to Lundin’s et al. 
which corresponds to the CGHAZ region only. This may lead to inaccurate phase amount results 
evolved in the FGHAZ and ICHAZ since the initial grain size prior to cooling is lower than 
CGHAZ and represents a significant factor in altering hardenability. In actual cases, the fine 
grain sizes in FGHAZ should lead to lower martensite level than modeling. However, it is should 
be stated that not many commercial FEA softwares consider multiple CCT diagrams with each 
corresponding to a specific sub-HAZ region. 
 
4.1.2 Effect of base metal thickness and heat input 
 Figures 4.8a, b and c represent the average martensite, bainite and ferrite phase fractions 
in weld metal, respectively, varied as a function of heat input and for three base metal 
thicknesses studied. Figure 4.8d provides the corresponding weld metal t8/5 cooling time. The 
corresponding results for CGHAZ elements that are closest to fusion boundary are shown in 
figure 4.9, similarly. 
As expected, increasing the heat input and decreasing the base metal thickness decreased 
the amount of martensite in the weld metal. At 327J/mm heat input, martensite amounts were 27, 
89, and 92% for 6.35mm, 12.7mm and 19mm base metal thickness, respectively. Bainite has 
increased in expense of martensite and reached 62% at 6.35mm base metal thickness. It is 
obvious that the thickness effect is more significant. Yet, the heat input range included is not 
large enough due to the goal of initially studying low heat input values. 
The CGHAZ region closest to fusion boundary was observed to be completely 
martensitic in 12.7 and 19mm thicknesses at all heat input values included in the study. 
However, loss of complete hardenability was observed in 6.35mm at heat inputs of 401, 441 and 
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509 J/mm. The t8/5 cooling time in CGHAZ is found exceeding 3s at these heat input values. No 
ferrite is observed from FEA modeling results in CGHAZ regions closest to fusion line. 
 
(a) 
 
(b) 
 
(c) 
 
(d) 
 
Figure 4.8 Weld metal average martensite (a), bainite (b), ferrite (c) and t8/5 (d) distributions a 
function of heat input and base metal thickness. 
 
4.1.3 Effect of preheating 
 The effect of preheating, using preheating temperatures indicated in table 3.9, is 
illustrated in figures 4.10 and 4.11 for weld metal and CGHAZ closest to fusion boundary, 
respectively. 
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(a) 
 
(b) 
 
(c) 
 
Figure 4.9 CGHAZ average martensite (a), bainite (b), and t8/5 (c) distributions a function of 
heat input and base metal thickness. 
 
143 
 
(a) 
 
(b) 
 
(c) 
 
(d) 
 
Figure 4.10 Preheating effect on weld metal average martensite (a), bainite (b), ferrite (c) and 
t8/5 (d) distributions a function of heat input and base metal thickness. 
 
 The imposition of preheating has the effect of lowering cooling rate in both weld metal 
and CGHAZ. This is illustrated through t8/5 cooling time in weld metal and CGHAZ. The major 
effect in reducing martensite amount is observed in 19mm thickness weld metal. This can be 
attributed to the highest preheating temperature of 135ºC, table 3.9, among all base plate 
thicknesses. 
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4.2 Residual stress results 
 In this section, the FEA modeling residual stress results are detailed with more emphasis 
on the bottom surfaces which are targeted for SCC environment exposure. The effects of base 
metal thickness, heat input value, preheating and clamping conditions on residual stresses are 
also detailed and discussed. 
 
(a) 
 
(b) 
 
(c) 
 
Figure 4.11 Preheating effect on CGHAZ average martensite (a), bainite (b), and t8/5 (c) 
distributions a function of heat input and base metal thickness. 
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4.2.1 Contour and through-thickness distributions 
Following figure 4.1 middle cross section plane, the longitudinal and transverse residual 
stress contour distributions in 6.35mm base metal thickness and 20V, 106A welding set are 
shown in figures 4.12a and b, respectively. 
 
(a) (b) 
(c) 
 
Figure 4.12 Contour distributions of longitudinal (a) and transverse (b) residual stresses as well 
as through-thickness distribution (c) of 20V, 106A 6.35mm thickness welding set 
(scale bar unit: MPa). 
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In addition, following 3D element path in figure 4.3a, the corresponding residual stress 
through-thickness distributions of the same welding set are shown in figure 4.12c. This is to 
thoroughly study the residual stress values in weld metal and HAZ, and their extension to base 
metal bottom surface. 
From figure 4.12, it can be observed that the longitudinal residual stresses are in tension 
state from weld top to the bottom surface.  This is consistent with all welding sets studied in 
6.35mm base metal thickness. In addition, the weld metal and HAZ longitudinal residual stresses 
are higher than transverse residual stresses which are in agreement with literature review 
illustrated in figures 2.7 and 2.48. In contrast to longitudinal residual stresses, the transverse 
residual stresses are shown in compressive state in weld metal lower regions, CGHAZ and at 
depth values greater than around 6.5mm from weld top surface. 
As observed in all FEA modeling results, the lowest residual stress values in HAZ are 
consistently located in CGHAZ due to the appreciable amount of martensite present which 
induces compressive transformation-induced-strains during austenite to martensite 
transformation starting at temperature closest to room temperature, 420ºC. With further 
increasing distance from weld top, the stresses rise in the FGHAZ and reach their peak in the 
ICHAZ and sub-critical HAZ regions. The reason is that the high thermal strains in such regions 
were not counteracted by sufficient transformation-induced strains as in the case of CGHAZ. At 
depth distance values greater than sub-critical HAZ, the residual stresses were gradually 
decreasing until the bottom surface is reached. It is believed that the eventual rise of stresses 
prior to reaching the bottom surface is due to mechanical equilibrium of residual stresses. This 
can be explained by the peak temperature through-thickness distribution. The peak temperature 
is reduced with greater distance from fusion boundary. Such distribution leads to higher thermal 
strains and resulting stresses for base metal regions at distances closer to HAZ boundaries. 
Therefore, such rise of residual stresses prior to reaching bottom surface is not caused by the 
local thermal strain of the bottom surface but to mechanically equilibrate the residual stresses in 
the whole weldment volume. Such rise in not observed at heat input values greater than and 
equal to 401J/mm. From figure 4.12c, the bottom surface longitudinal residual stress value is 400 
MPa which is 95% of base metal yield strength whereas the transverse residual stress is 
compressive with value of 34MPa, 8% of yield strength. 
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The corresponding results for 12.7mm base metal thickness and 20V, 106A welding set 
are shown in figures 4.13a, b and c. 
 
(a) (b) 
(c) 
 
Figure 4.13 Contour distributions of longitudinal (a) and transverse (b) residual stresses as well 
as through-thickness distribution (c) of 20V, 106A 12.7mm thickness welding set 
(scale bar unit: MPa). 
 
At 12.7mm thickness, the longitudinal residual stresses are tensile from weld top to 
bottom surfaces.  This is similarly consistent with higher heat input welding sets in 12.7mm base 
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metal thickness. The transverse residual stresses were in compressive state in weld metal and at 
depth distances between 6 and 12mm from weld top. In addition, both weld metal longitudinal 
and transverse residual stresses are noticeably lower than 6.35mm thickness corresponding 
welding set. This can be attributed to the 89% martensite average amount in the weld metal with 
12.7mm base metal thickness as opposed to 6.35mm thickness where martensite amount reaches 
only 27%. In the HAZ region, similar to 6.35mm thickness, CGHAZ represents the lowest HAZ 
residual stress region and the peaks are observed in the ICHAZ and subcritical HAZ regions. At 
depth values greater than subcritical HAZ, the residual stresses gradually decrease and eventual 
rise prior to reaching the bottom surface is observed. Due to the higher distance between the 
peak residual stresses at HAZ boundary and bottom surface, the residual stresses were allowed to 
decrease to lower values in the base metal than observed in 6.35mm thickness application. This 
significantly led to lower longitudinal residual stress value at the bottom surface. The bottom 
surface longitudinal and transverse residual stresses are 145 and 198MPa, respectively, which are 
35% and 47% of base metal yield strength. 
The corresponding results for 19mm base metal thickness and 20V, 106A welding set are 
shown in figures 4.14a, b and c. Due to the greater distance between HAZ boundary and bottom 
surface, both longitudinal and transverse residual stresses reached a compressive state at distance 
values between 6and 12mm from weld top. Since the heat input and phase amounts of 12.7 and 
19mm thicknesses of the same welding set are almost similar, the weld metal and HAZ residual 
stress values are as a result similar. Both CGHAZ are 100% martensitic and weld metal 
martensite amounts are 89 and 92% for 12.7 and 19mm base metal thicknesses, respectively. 
Similar to previous thicknesses, CGHAZ represented the lowest residual stress HAZ region and 
the peaks are similarly observed in the ICHAZ and subcritical HAZ regions. At depth values 
greater than subcritical HAZ, the residual stresses gradually decrease and eventual rise prior to 
reaching the bottom surface is observed. Due to the higher distance between the peak residual 
stresses at HAZ boundary and bottom surface, the residual stresses were allowed to decrease to 
much lower values than 6.35mm thickness application. This led to significantly lower residual 
stress values at the bottom surface as compared to all thicknesses. The bottom surface 
longitudinal and transverse residual stresses are 35 and 109MPa, respectively, which are 8% and 
26% of base metal yield strength. 
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(a) (c) 
(c) 
 
Figure 4.14 Contour distributions of longitudinal (a) and transverse (b) residual stresses as well 
as through-thickness distribution (c) of 20V, 106A 19mm thickness welding set 
(scale bar unit: MPa). 
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4.2.2 Bottom surface residual stress distributions 
 In this section, the bottom surface residual stress distributions will be presented along the 
transverse and longitudinal axes shown in figure 4.15. In each distribution path, the zero distance 
value is located at both axes cross section. 
The longitudinal and transverse bottom surface residual stress distributions along 
transverse and longitudinal axes for welding set of 20V, 106A and 6.35mm thickness are shown 
in figure 4.16. For comparison, these distributions are normalized by base metal yield strength. 
From the transverse axis distributions, it can be seen that peak longitudinal residual stress value 
is maintained within around 10mm transverse distance. In addition, the longitudinal residual 
stresses are observed in tension state within a 20mm distance. Such distances increase with 
increasing heat input value. An almost steady state residual stress condition is observed in the 
longitudinal axis distribution with sample standard deviation of 4% of base metal yield strength. 
The steady state starts 20 to 30mm away from welding start and end locations and represents 
around 72% of the total longitudinal axis length. The longitudinal residual stress values are 
almost negligible at the welding start and end locations whereas the transverse stresses are highly 
compressive. The corresponding results for 12.7mm thickness of the same welding set are shown 
in figures 4.17a and b. 
 
 
Figure 4.15 Representation of bottom surface transverse and longitudinal axes where residual 
stress distributions are presented 
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(a)
 
(b)
Figure 4.16 Bottom surface residual stress distributions along transverse (a) and longitudinal 
(b) axes of 20V, 106A 6.35mm thickness welding set. 
 
(a) (b) 
Figure 4.17 Bottom surface residual stress distributions along transverse (a) and longitudinal 
(b) axes of 20V, 106A 12.7mm thickness welding set. 
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It can be seen that, following transverse axis distribution, the peak residual stresses are 
maintained in distance of around 5mm which is significantly lower than 6.35mm base plate 
thickness corresponding results. In addition, both longitudinal and transverse residual stresses are 
almost observed in tension state at all distances in transverse axis. Yet, the residual stresses are 
observed exceeding 5% of yield strength within a 20mm transverse distance. In addition, a 
steady state residual stress approaching condition is observed in the longitudinal axis with 
sample standard deviation of 4% of yield strength. The steady state is reached at a distance range 
of 25 to 30mm from welding start and end regions. Due to the longer distance from HAZ 
boundary to bottom surface, the bottom surface residual stresses are lower than 6.35mm base 
metal thickness. The corresponding results for 19mm thickness of the same welding set are 
shown in figures 4.18a and b. 
 
(a) 
 
(b) 
 
Figure 4.18 Bottom surface residual stress distributions along transverse (a) and longitudinal 
(b) axes of 20V, 106A 19mm thickness welding set. 
 
 Following transverse axis distribution, the peak residual stresses are maintained in 
distance of around 5 to 10 mm. In addition, both longitudinal and transverse residual stresses are 
observed in tension state at all distances in transverse axis. A 40mm distance range is observed 
with residual stress values exceeding 5% of yield strength. In addition, almost a steady state 
residual stress condition is observed in the longitudinal axis with sample standard deviation of 
2% of yield strength. Such standard deviation is lower in 19mm thickness due to the appreciably 
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lower bottom surface residual stress values compared to 6.35 and 12.7mm base metal 
thicknesses. The steady state is reached at a distance range of 20 to 25mm from welding start and 
end regions. Due to the longer distance from HAZ boundary to bottom surface, the bottom 
surface residual stresses are appreciably lower than 6.35 and 12.7mm base metal thicknesses.  
It can be seen from all thicknesses that the steady state residual stress condition is 
maintained in around 72% of the total longitudinal axis length. In addition, the residual stresses 
outside the steady state condition are either lower or in compressive state. This clearly 
demonstrates the importance of measuring residual stresses in the transverse and longitudinal 
axes cross section location, illustrated in figure 3.22, for FEA experimental validation. 
 
4.2.2.1 Effect of base metal thickness and heat input 
 The effects of heat input and base metal thickness on the bottom surface longitudinal and 
transverse residual stresses are illustrated in figures 4.19a and b, respectively. Ther  was no 
regression applied to the curves. This is to enable the residual stress measurement to be 
performed at the same welding sets selected and thereby enable validations of the results. The 
residual stress values in the figures represent the location at the longitudinal and transverse axes 
cross section in figure 4.15, i.e. zero distance in transverse and longitudinal axes distributions. 
The error bars represent the sample standard deviation of residual stresses observed in the steady 
state regions following the longitudinal axis distribution, illustrated in the previous section. Such 
error bars are largest in 6.35mm base metal thickness due to highest bottom surface residual 
stresses and lowest in 19mm due to lowest stress values. 
The peak bottom surface residual stresses in 6.35mm thickness range from 86 to 104% of 
base metal yield strength. In 12.7 thick base metals, they range from 47 to 69% while 26 to 35% 
is the range observed in 19mm base metal thickness.  
It can be seen that the effect of base metal thickness is more pronounced than heat input. 
Increasing the base metal thickness lowers the peak bottom surface residual stress at each 
welding set. This is attributed to the increased distance between peak residual stresses at HAZ 
boundary and the bottom surface. The increase of heat input, but with lower extent than base 
metal thickness, increases the peak bottom surface residual stresses. The most pronounced heat 
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input effect is observed in 12.7mm thick base metal. The lower significance of heat input is 
attributed to the low heat input range considered in the study.  
 The effect of heat input and base metal thickness on transverse axis bottom surface 
residual stress distribution is illustrated in figure 4.20. In addition of increasing longitudinal 
residual stresses, it can be concluded that the distance at which high bottom surface tensile 
residual stresses exist increases with increasing heat input. 
(a) 
 
(b) 
 
Figure 4.19 Effect of base metal thickness and heat input on bottom surface longitudinal (a) 
and transverse (b) residual stresses. 
 
4.2.2.2 Significance of bottom surface data in thesis research 
 In this research, it is the residual stress value reached in the bottom surface that is of most 
emphasis. Once the SCC threshold stress is exceeded in the bottom surface, SCC initiation is 
possible which indicates that PWHT is mandated. In addition, increasing bottom surface residual 
stresses significantly increases the SCC growth rate. The conditions where residual stresses in 
bottom surface are lowest and below the SCC threshold stress represents the criterion where 
PWHT can be optional or waived. 
 
4.2.3 Effect of preheating 
Figures 4.21a and b illustrate the effect of preheating on the though-thickness residual 
stress distributions of 6.35mm thickness and 20V, 106A welding set. With 95ºC temperature 
preheating, the HAZ depth distance increased by 18% and reached 1.76mm compared to the un-
preheated condition with no significant change in weld metal penetration is observed by FEA. 
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(a) 
 
(b) 
 
(c) 
 
(d) 
 
Figure 4.20 Effect of heat input on bottom surface transverse axis residual stress distributions 
of 6.35mm base metal thickness (a) & (b) and 19mm base metal thickness (c) & 
(d). 
 
 
156 
 
(a) 
 
(b) 
 
Figure 4.21 Effect of preheating on longitudinal (a) and transverse (b) residual stress through-
thickness distributions of 20V, 106A and 6.35mm thickness welding set. 
 
After preheating, the weld metal longitudinal residual stresses were lowered by 5 to 
15MPa. However, the transverse residual stresses were increased by maximum of 83MPa. This 
increase may be attributed to the reduction of weld metal martensite amount from 27 to 6%. The 
HAZ residual stresses were significantly reduced after preheating. The CGHAZ is still 
dominantly martensitic. The thermal strain reduction in conjunction with high amount of 
martensite leading to compressive transformation-induced-strains in CGHAZ is believed to result 
in such significant reduction after preheating. 
The peak residual stress value at the ICHAZ and sub-critical HAZ is reduced by 55MPa 
after preheating. This is attributed to the reduction of thermal strain with preheating compared to 
the un-preheated condition while no significant transformation-induced-strain is present in 
ICHAZ and sub-critical HAZ regions. 
The bottom surface longitudinal residual stresses are found to be 377MPa, 90% of base 
metal yield strength, after preheating which is lower than the un-preheated condition residual 
stress by 5% of base metal yield strength. Although the distance between HAZ boundary and 
bottom surface is slightly reduced with preheating, the peak residual stress value reduction 
should be a factor behind bottom surface residual stress reduction. 
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Figures 4.22a and b illustrate the effect of preheating on the though-thickness residual 
stress distributions for 12.7mm thickness and 20V, 106A welding set. The HAZ depth distance is 
increased to 1.58mm which is 27% higher than the un-preheated HAZ depth distance. The weld 
metal after preheating still contains an appreciable amount of martensite. The CGHAZ is 
completely martensitic with both un-preheating and preheating conditions. Due to the reduction 
of thermal strains and insignificant change in phase amounts, the residual stresses are reduced in 
both weld metal and HAZ. In addition, similarly, the peak residual stress at the ICHAZ and 
subcritical HAZ regions is reduced by 20MPa. 
  
(a) 
 
(b) 
 
Figure 4.22 Effect of preheating on longitudinal (a) and transverse (b) residual stress through-
thickness distributions of 20V, 106A and 12.7mm thickness welding set. 
 
The bottom surface longitudinal residual stress is found to be 134MPa, 32% of base 
metal yield strength, after preheating which is lower than the un-preheated condition residual 
stress by 3% of yield strength. In addition, the bottom surface transverse residual stress after 
preheating is found to be 172MPa, 41% of yield strength, which is lower than the un-preheated 
condition by 6% of yield strength. 
Figures 4.23a and b illustrate the effect of preheating on 19mm thickness and 20V, 106A 
welding set. The HAZ depth distance is increased to 1.38mm which is 27% higher than the un-
preheated HAZ depth distance. The weld metal martensite amount after preheating is still high 
but reduced by 30%. This may explain the slight increase of weld metal transverse residual 
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stresses after preheating due to loss of martensite. Yet, the weld metal longitudinal residual 
stresses were reduced. Such loss of martensite is attributed to the higher preheating temperature 
for 19mm thickness, 135ºC, compared to 12.7mm thickness, 117ºC. The CGHAZ is completely 
martensitic in both un-preheating and preheating conditions. Due to the reduction of thermal 
strains and insignificant change in phase amounts, the residual stresses are reduced significantly 
in HAZ. The peak residual stresses at the ICHAZ and subcritical HAZ regions are reduced by 
28MPa, similarly. The bottom surface longitudinal residual stresses are found to be 28MPa, 7% 
of base metal yield strength, after preheating which is lower than the un-preheated condition by 
1% of yield strength. In addition, the bottom surface transverse residual stress after preheating is 
88MPa, 21% of yield strength, which is lower than the un-preheated condition by 5% of yield 
strength. 
Corresponding to figure 4.19, figure 4.24a and b represents the effect of preheating on 
bottom surface longitudinal and transverse residual stresses respectively as a function of heat 
input and base metal thickness. In addition, the effect of preheating on bottom surface transverse 
axis residual stress distributions is illustrated in figure 4.25 for 6.35 and 19mm base metal 
thicknesses and 20V, 106A welding set. It can be seen that the distance at which tensile stresses 
exceeding 5% of yield strength exist is not affected while the significant effect is the reduction of 
peak residual stresses. Preheating is shown to be useful in slightly reducing the overall weldment 
tensile residual stresses. The HAZ and base metal residual stresses were shown to be reduced. 
This may have led to bottom surface tensile residual stress reduction. However, such reduction of 
residual stresses is insignificant which is due to the low preheating temperature used for avoiding 
cold cracking. Looking into figure 2.49, more reduction of weld metal residual stresses is 
obtained with increasing the preheating temperature to 400ºC. Such preheating temperature may 
be impractical in petrochemical industry with large equipment scale. 
 
4.2.4 Effect of clamping 
The effect of clamping on through-thickness residual stress distribution for 6.35mm base 
metal thickness and 20V, 106A welding set is illustrated in figures 4.26a and b.  
To an appreciable extent, it can be seen that clamping has increased the weld metal and HAZ 
residual stresses. The peak residual stress values at the ICHAZ and sub-critical HAZ has also 
been increased. 
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(a) 
 
(b) 
 
Figure 4.23 Effect of preheating on longitudinal (a) and transverse (b) residual stress through-
thickness distributions of 20V, 106A and 19mm thickness welding set. 
 
(a) 
 
(b) 
 
Figure 4.24 Effect of preheating on bottom surface longitudinal (a) and transverse (b) residual 
stresses as a function of heat input and base metal thickness. 
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(a) 
 
(b) 
 
(c) 
 
(d) 
Figure 4.25 Effect of preheating on transverse axis bottom surface residual stress distributions 
for 6.35mm thickness (a) and (b), and 19mm thickness (c) and (d). 
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(a) 
 
(b) 
 
Figure 4.26 Effect of clamping on through-thickness longitudinal (a) and transverse (b) 
residual stress distributions for 6.35mm thickness and 20V, 106A welding set. 
 
In addition, the residual stresses in the base metal regions at depth values greater the 
HAZ boundary were increased. Due to the clamping configuration implemented in figure 3.16, 
where displacement restriction is significantly pronounced in the transverse axis, transverse 
residual stresses were increased more significantly than the longitudinal in the through-thickness 
distribution. Looking into the bottom surface, it can be seen that the residual stress rise prior to 
reaching bottom surface is not apparent in clamped condition. Due to almost through-thickness 
residual stress increase, such residual stress rise induced by mechanical equilibrium is absent 
after clamping. The residual stress rise absence therefore led to a decrease in bottom surface 
residual stresses. The bottom surface longitudinal residual stresses are 359MPa, 85% of base 
metal yield strength, whereas the transverse are -52MPa, -12% yield strength, after clamping. 
This corresponds to reduction of 10% of base metal yield strength in the bottom surface 
longitudinal residual stress compared to unclamped condition. 
Such behavior is not similar with higher heat input welding sets in 6.35mm base metal 
thickness where such rise is originally absent in the unclamped condition. Due to this, the 
clamping condition caused total increase of residual stresses in the through-thickness distribution 
including the bottom surface. Figure 4.27 represents the corresponding results of 22V, 130A 
welding set. After clamping, the bottom surface longitudinal and transverse residual stresses 
reached values of 488MPa, 116% yield strength, and 85MPa, 20% yield strength, respectively. 
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This corresponds to increase of 20 and 36% of base metal yield strength in bottom surface 
longitudinal and transverse residual stresses, respectively. 
 
(a) 
 
(b) 
 
Figure 4.27 Effect of clamping on through-thickness longitudinal (a) and transverse (b) 
residual stresses for 6.35mm thickness and 22V, 130A welding set. 
 
The corresponding results of 12.7mm thickness and 20V, 106A welding set are illustrated 
in figures 4.28a and b. 
 
(a) 
 
(b) 
 
Figure 4.28 Effect of clamping on through-thickness longitudinal (a) and transverse (b) 
residual stresses for 12.7mm thickness and 20V, 106A welding set. 
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It is observed that clamping caused an increase of both weld metal and HAZ longitudinal 
and transverse residual stresses. However, compared to 6.35mm base metal thickness, the 
increase of residual stresses in 12.7mm thickness is less pronounced. Such lower extent of 
residual stress increase is attributed to the lower distortion level and reduction after clamping 
observed in 12.7mm compared to 6.35mm thickness, as detailed in section 4.3. Due to increased 
thickness and longer distance between HAZ boundary and bottom surface, it is seen that the 
mechanical equilibrium induced residual stresses were slightly altered to encounter the increase 
of weld metal and HAZ residual stresses. As a result, no significant change in bottom surface 
residual stresses was observed. After clamping, the bottom surface residual stresses reached 115 
and 220 MPa, 27 and 52% of base metal yield strength, for longitudinal and transverse stresses, 
respectively. Compared to the unclamped condition, this has led to a reduction of 8% of yield 
strength in longitudinal residual stress whereas transverse residual stress increased by 5% of 
yield strength. 
The corresponding results on 19mm thickness and 20V, 106A welding set are illustrated 
in figures 4.29a and b. 
 
(a) (b) 
Figure 4.29 Effect of clamping on through-thickness longitudinal (a) and transverse (b) 
residual stresses for 19mm thickness and 20V, 106A welding set. 
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Due to the low amount of distortion present in 19mm thickness application, the increase 
of residual stresses is less pronounced than previous thicknesses. Yet, it is observed that 
generally clamping has increased both weld metal and HAZ longitudinal and transverse residual 
stresses. Due to such increase, the mechanical equilibrium induced residual stresses at distances 
greater than 6 and 8mm for longitudinal and transverse stresses, respectively, were reduced to 
encounter the increase in weld metal and HAZ residual stresses. Due to this behavior, the bottom 
surface residual stresses were decreased. After clamping, the bottom surface residual stresses 
reached 7and 79 MPa, 2 and 19% of yield strength, for longitudinal and transverse stresses, 
respectively. This has led to a reduction of 7% of yield strength in both longitudinal and 
transverse residual stresses compared to the unclamped condition.  
In addition, the effect of clamping on bottom surface transverse axis residual stress 
distributions is illustrated in figure 4.30 for 6.35 and 19mm base metal thicknesses. The welding 
set is 20V, 106A. A gradual reduction of residual stresses is observed at location of clamps in 
both thicknesses. In addition, it can be seen that the distance at which tensile stresses exceeding 
5% of yield strength exist is reduced in 19mm base metal thickness while in 6.35mm thickness 
application was not affected significantly. 
Corresponding to figure 4.19, figure 4.31a and b represents the effect of clamping on 
bottom surface longitudinal and transverse residual stresses respectively as a function of heat 
input and base metal thickness. 
 
4.3 Distortion profiles 
 The FEA distortion profile results, following paths 1, 2, 3 and 4 illustrated in figure 3.27, 
are detailed and discussed in this section. The effect of clamping on distortion reduction is also 
detailed. Due to the very low reduction of residual stresses upon preheating, the distortion results 
with preheating condition are not detailed. 
 
4.3.1 Unclamped condition 
 This section will provide FEA distortion results for the unclamped condition. The 
distortion profiles of 6.35mm thickness and 22V, 130A welding set following distortion paths in 
figure 3.27 are shown in figure 4.32. 
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The maximum Z-axis displacement in path 3 is 1.04mm. In addition, it is obvious that the 
distortion in the end of weld is higher than the weld start location. However, such observation is 
not consistent in all models. The corresponding distortion profile results for 12.7mm thickness 
application for the same welding set are shown in figure 4.33. 
 
(a) 
 
(b) 
(c) 
 
(d) 
 
Figure 4.30 Effect of clamping on transverse axis bottom surface residual stress distributions 
in 6.35mm thickness, (a) and (b), and 19mm thickness, (c) and (d) for 20V, 106A 
welding set. 
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(a) 
 
(b) 
 
Figure 4.31 Effect of clamping on bottom surface longitudinal (a) and transverse (b) residual 
stresses as a function of heat input and base metal thickness. 
 
The maximum Z-axis displacement in path 3 is 0.25mm. The distortion in 12.7mm base 
metal thickness only amounts 24% of that observed in 6.35mm thickness. This is clearly 
attributed to the lower through-thickness residual stresses compared to 6.35mm thickness. 
The corresponding distortion profile results for 19mm thickness are shown in figure 4.34 
for the same welding set. The maximum Z-axis displacement in path 3 is 0.09mm which 
represents only 9% of corresponding results in 6.35mm thickness. This is clearly attributed to the 
lowest through-thickness residual stresses observed in 19mm compared to all base metal 
thicknesses considered in the study. 
Figure 4.35 represents a summary of maximum Z-axis displacement in path 3 as function 
of heat input and base metal thickness. Path 3 is selected since it almost represents the highest Z-
axis displacement and is within the residual stress steady state as illustrated in section 4.2.2. 
 
4.3.2 Effect of clamping 
This section provides the FEA distortion results for the clamped condition. The effect of 
clamping on distortion profiles is illustrated in figure 4.36 for 6.35mm base metal thickness and 
22V, 130A welding set. The maximum Z-axis displacement in path 3 is reduced to 0.38 
indicating 63% maximum displacement reduction, after clamping. 
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(a) (b) 
 
(c) 
 
(d) 
 
Figure 4.32 Distortion profiles following path 2 (a), 3 (b), 4 (c) and 1 (d) of 6.35mm thickness 
and 22V, 130A welding set. Paths are illustrated in figure 3.27. 
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(a) 
 
(b) 
 
(c) 
 
(d) 
 
Figure 4.33 Distortion profiles following path 2 (a), 3 (b), 4 (c) and 1 (d) of 12.7mm thickness 
and 22V, 130A welding set. Paths are illustrated in figure 3.27. 
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(a) 
 
(b) 
 
(c) 
 
(d) 
 
Figure 4.34 Distortion profiles following path 2 (a), 3 (b), 4 (c) and 1 (d) of 19mm thickness 
and 22V, 130A welding set. Paths are illustrated in figure 3.27. 
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Figure 4.35 Path 3 maximum Z-axis displacement as function of heat input base metal 
thicknesses. 
 
Due to distortion reduction in paths 1 and 3, the clamping increased weld metal and HAZ 
residual stresses in 6.35mm thickness application. In addition, it can be seen that the distortion 
reduction is more observed in weld transverse than longitudinal axis. This is due to the clamping 
configuration implemented, figure 3.16. This also explains the increase of through-thickness 
transverse residual stresses more than longitudinal upon clamping imposition, as shown in 
figures 4.26 and 4.27. The corresponding results for 12.7mm thickness are shown in figure 4.37 
for the same welding set. Compared to 6.35mm thickness application, less overall reduction of 
distortion is observed in 12.7mm thickness application.  Looking into figure 4.37b, the maximum 
Z-axis displacement was reduced from 0.25 to 0.19 indicating 24% displacement reduction in 
path 3. This has led to less increase of weld metal and HAZ residual stresses in 12.7mm 
thickness application, as shown in figure 4.28, compared to 6.35mm. 
A similar but less distortion reduction is observed in 19mm thickness and 22V, 130A 
welding set as shown correspondingly in figure 4.38. As illustrated in figure 4.38b, the maximum 
Z-axis displacement was reduced from 0.09 to 0.07mm indicating 22% displacement reduction. 
Such reduction is close to 12.7mm thickness. Similarly, this has led to less increase of weld 
metal and HAZ residual stresses, as shown in figure 4.29, compared to 6.35mm thickness 
application in figures 4.27 and 4.28. 
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(a) 
 
(b) 
 
(c) 
 
(d) 
 
Figure 4.36 Effect of clamping on distortion profiles following path 2 (a), 3 (b), 4 (c) and 1 (d) 
of 6.35mm thickness and 22V, 130A welding set. Paths are illustrated in figure 
3.27. 
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(a) 
 
(b) 
 
(c) 
 
(d) 
 
Figure 4.37 Effect of clamping on distortion profiles following path 2 (a), 3 (b), 4 (c) and 1 (d) of 
12.7mm thickness and 22V, 130A welding set. Paths are illustrated in figure 3.27. 
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(a) 
 
(b) 
 
(c) 
 
(d) 
 
Figure 4.38 Effect of clamping on distortion profiles following path 2 (a), 3 (b), 4 (c) and 1 (d) of 
19mm thickness and 22V, 130A welding set. Paths are illustrated in figure 3.27. 
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Corresponding to figure 4.35, the effect of clamping on maximum Z-axis displacement in 
path 3 is shown in figure 4.39 varied as a function of heat input and base metal thickness. The 
maximum distortion reduction is observed in 6.35mm base metal thickness. The least 
corresponding reduction is observed in 19mm which is close to that observed in 12.7mm base 
metal thickness. 
 
 
Figure 4.39 Effect of clamping on path 3 maximum Z-axis displacement as function of heat 
input base metal thicknesses. 
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CHAPTER FIVE: EXPERIMENTAL VALIDATIONS 
This chapter provides details and discussion on experimental validation results. 
Experimental results from microstructural analysis, hole-drilling strain gauge, distortion profiles, 
HAZ depth and temperature measurements are presented in chronological order. 
 
5.1 Weld metal and HAZ microstructural analysis 
This section provides microstructural results for all welding sets in 6.35 and 12.7mm 
thick base metal plates. The micro-hardness measurements are complemented with 
metallography for phase identification validations. The results represent the samples collected 
from the location indicated in figure 3.19. 
 
5.1.1 12.7 mm base metal thickness results 
For 12.7mm thick base metal, the weld metal microstructure is shown in figure 5.1 for 
20V, 106A and 22V, 150A welding sets. These points represent the lowest (327J/mm) and 
highest (509J/mm) heat input values considered in the study. It should be noted that such 
micrographs are taken from weld metal middle location. 
 
(a) 
 
(b) 
 
Figure 5.1 Weld metal optical micrographs of (a) 20V, 106A and (b) 22V, 150A welding sets 
for 12.7mm base metal thickness application. 
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It is obvious from the microstructure presented that lath martensite is dominantly present 
in 20V, 106A welding condition due to the low heat input value. The grain boundary primary 
ferrite veins are thinned due to increased hardening capability. With increasing heat input to 509 
J/mm (22V, 150A welding set), the martensite phase amount is reduced with corresponding 
increase in both ferrite with second phase (bainite) and primary ferrite where the grain boundary 
primary ferrite veins are relatively widened. 
The CGHAZ microstructures closest to fusion boundary of the corresponding welding 
sets are presented in figure 5.2. For both welding sets, the CGHAZ closest to fusion boundary is 
fully hardened with dominant lath martensite present which has a minimum micro-hardness of 
460HVN measured. Since the martensite phase is fully present in CGHAZ in all 12.7mm 
thickness welding sets, no point counting was performed thereafter. 
 
(a) 
 
(b) 
 
Figure 5.2 CGHAZ optical micrographs of (a) 20V, 106A and (b) 22V, 150A weld sets in 
12.7mm base metal thickness application. 
 
The FGHAZ and ICHAZ showed similar microstructures in all welding sets. Figure 5.3 
represents the microstructures at FGHAZ and base metal to ICHAZ transition for 20V, 106A and 
22V, 150A welding sets. The FGHAZ is observed with fine grains of ferrite and carbides 
whereas degenerated pearlite is consistently observed in ICHAZ. 
The hardness profiles, following the tracing line configuration illustrated in figure 3.21, 
are shown in figure 5.4 for all welding sets in 12.7mm thickness application. Due to the high 
amount of lath martensite present in weld metal, two hardness points are observed exceeding 
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400HVN, in figure 5.4a, for lowest heat input. In addition, it can be seen that CGHAZ region 
closest to fusion boundary is consistently observed with micro-hardness above 460HVN. 
Inputting base metal average carbon content of 0.19wt%, the martensite micro-hardness is found 
to be 457, 447 and 463 HVN, following Lorenz and Duren (equation 2.23), Terasaki (equation 
2.26) and Yurioka et al. (equation 2.42) martensite-hardness empirical equations, respectively. It 
is obvious that the CGHAZ hardness closest to fusion boundary is either close or significantly 
greater than such empirically derived hardness values. In addition, the CGHAZ hardness 
indicates complete martensite, following figure 2.74 for carbon content around 0.19wt%, which 
represents martensite carbon content-hardness empirical correlation for carbon steels. 
 
(a) 
 
(b) 
 
(c) 
 
(d) 
 
Figure 5.3 Optical micrographs of FGHAZ for 20V, 106A (a) and 22V, 150A (b) and base 
metal to ICHAZ transition for 20V, 106A (c) and 22V, 150A (d) welding sets in 
12.7mm thickness application. 
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(a) 
 
(b) 
 
(c) 
 
(d) 
 
(e) 
 
Figure 5.4 Micro-hardness line tracing profiles for 20V, 106A (a), 22V, 106A (b), 20V, 130A 
(c), 22V, 130A (d) and 22V, 150A (e) welding sets in 12.7mm base metal 
thickness. 
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Plot of the weld metal average micro-hardness as a function of heat input is shown in 
figure 5.5a with error bars indicating sample standard deviation. The corresponding results for 
minimum micro-hardness observed in CGHAZ closest to fusion boundary are shown in figure 
5.5b. The average weld metal hardness is 358HVN for 327J/mm heat input and decreases to 
307HVN for the highest heat input considered. Such average hardness values are high indicating 
high martensite presence in some welding sets. They exceed the ferrite with second phase and 
acicular ferrite hardnesse  obtained by Onsoien et al. in figure 2.75. In addition, Glover et al. in 
their study found that lath martensite is present and with hardness of 390HVN under similar heat 
input and chemical composition to the study. This clearly indicates the martensite in lowest heat 
input is present with appreciable amount. The high standard deviation error bars in figure 5.5a 
are indicative of the presence of other phases and is attributed to the significant hardness value 
difference between martensite, and both ferrite with second phase or primary ferrite.  
 
(a) 
 
(b) 
 
Figure 5.5 Average weld metal (a) and minimum CGHAZ (b) micro-hardness plotted as a 
function of heat input for 12.7mm thickness. 
 
Figure 5.6 represents weld metal point counting results compared with Sysweld FEA for 
all welding sets. The error bars in metallographic results indicate the 95% confidence interval, 
after ASTM E562. Close trends are observed with maximum deviation of 5% in martensite phase 
amount and 509J/mm heat input.  
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(a) 
 
(b) 
 
(c) 
 
Figure 5.6 Average FEA and metallography weld metal martensite (a), bainite (b) and ferrite 
(c) phase amounts as a function of heat input for 12.7mm thickness application 
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Since both results are in good agreement, it is expected that, with material database used 
in FEA, the transformation effects on residual stresses should satisfactorily be simulated. The 
corresponding results for CGHAZ closest to fusion boundary are shown in figure 5.7. From 
metallography and hardness results, complete hardenability is observed which matches Sysweld 
FEA results indicating 100% martensite in CGHAZ. 
 
(a) 
 
(b) 
 
Figure 5.7 Metallography and Sysweld CGHAZ martensite (a) and bainite (b) phase amounts 
plotted as a function of heat input in 12.7mm thickness. 
   
5.1.2 6.35 mm base metal thickness results 
For 6.35mm thick base metals, the weld metal microstructure is shown in figure 5.8 for 
20V, 106A and 22V, 150A welding set. Similarly, such micrographs are taken from weld metal 
middle location. It is obvious from the microstructure that lath martensite is still present in 20V, 
106A welding set but due to thickness reduction its amount is significantly reduced with 
corresponding increase of ferrite with second phase (bainite). With increasing heat input to 509 
J/mm, 22V, 150A welding set, the marensite phase is significantly reduced with corresponding 
increase in both ferrite with second phase (bainite) and primary ferrite. 
The CGHAZ microstructures closest to fusion boundary of the same welding sets are 
presented in figure 5.9. The magnification was increased due to presence and better identification 
of bainite. For lowest heat input, the CGHAZ closest to fusion boundary is observed with 
dominant lath martensite present. In some locations, slight distinction of bainite nucleating at 
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prior austenite grain boundaries is observed but with very low amount, figure 5.9a. According to 
point counting, 4% bainite is present which is higher than Sysweld FEA bainite results of 1%. 
The CGHAZ micro-hardness, closest to fusion boundary, in such welding set is found to be 470 
HVN. This represents the typical martensite hardness and is attributed to the very low amount of 
bainite observed in microstructure. 
 
(a) 
 
(b) 
 
Figure 5.8 Weld metal optical micrographs of (a) 20V, 106A and (b) 22V, 150A welding sets 
and 6.35mm base metal thickness application. 
 
(a) 
 
(b) 
 
Figure 5.9 CGHAZ optical micrographs of 20V, 106A (a) and 22V, 150A (b) welding sets and 
6.35mm base metal thickness application. 
 
In addition, loss of complete hardenability is observed in highest heat input, figure 5.9b, 
due to increase of heat input and decrease in base plate thickness. The microstructure of CGHAZ 
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closest to fusion boundary is observed to have appreciable amount of bainite compared to figure 
5.9a. According to point counting, 45% bainite and 55% martensite phase amounts are observed. 
The minimum micro-hardness of CGHAZ closest to fusion boundary is found 335 HVN which 
agrees with metallographic results. 
(a) 
 
(b) 
 
(c) 
 
(d) 
 
Figure 5.10 Optical micrographs of FGHAZ for 20V, 106A (a) and 22V, 150A (b) and base 
metal to ICHAZ transition for 20V, 106A (c) and 22V, 150A (d) welding sets of 
6.35mm thickness application. 
 
According to Sysweld FEA, the computed t8/5 in CGHAZ is 2s for 20V, 106A welding 
set which is lower than the critical t8/5 of 3s for 100% martensite, following Lundin et al. CCT 
diagram in figure 2.57. Yet, 4% bainitie is observed from metallographic point counting of the 
same welding set. Such deviation is probably attributed to probable differences of composition or 
initial base metal grain size between the used base metal experimentally and that used by Lundin 
et al. which is probably leading to different critical t8/5. In addition, the temperature history 
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deviations, although negligible, between FEA and the actual experiment can impose another 
source of deviation. Comparing the base metal grain sizes shown in figures 5.10c and d which 
show the base metal to ICGHAZ transitional regions, a noticeable difference of initial base metal 
grain size is observed where finer grains are observed in lowest heat input than that used with 
highest heat input. This may explain the less deviation amount is observed with higher heat input 
CGHAZ phase amount. In addition, according to A516 grade 70 specifications, the composition 
requirements, illustrated in tables 2.5 and 2.6, for alloying elements fall within relatively wide 
ranges leading to a probable source of error. 
The FGHAZ and ICHAZ showed similar microstructures to 12.7mm thick base plates. 
Figure 5.10 represents the microstructures at FGHAZ and base metal to ICHAZ transition region 
for 20V, 106A and 22V, 150A welding sets. Similarly, the FGHAZ is dominantly observed with 
fine grains of ferrite and carbides whereas mainly degenerated pearlite is observed in ICHAZ. 
The severe banding once observed in both regions, as opposed to 12.7mm thickness, is attributed 
to the banding in base metal which is more severe than 12.7mm thickness. Arrows indicate such 
banding observed in FGHAZ, ICHAZ and base metal. The severely banded pearlite leads to 
wider banded austenite grains rich with carbon content which makes diffusion of carbon out of 
such wider bands require more time for homogenization. FGHAZ has low austenitization time 
which causes banding to still exist in some FGHAZ regions. 
The hardness profiles, following configuration illustrated in figure 3.21, are shown in 
figure 5.11 for all welding sets in 6.35mm thickness application. For figures 5.11a, b and c, the 
CGHAZ closest to fusion boundary has a minimum micro-hardness of 435HVN. This hardness is 
close to those calculated following Duren and Lorenz, Terasaki and Yurioka et al. empirical 
correlations and martensite carbon-hardness correlation for carbon steels in figure 2.74. This 
indicates that the CGHAZ is dominantly composed of martensite. However, the hardness, at such 
welding sets, is slightly lower due to small amount of bainite present. The CGHAZ minimum 
micro-hardness is found to be 370 and 335HVN for 441 and 509J/mm heat input values, 
respectively. Such hardness is below the empirical martensite hardness following Duren and 
Lorenz, Terasaki, Yurioka et al, and figure 2.74. This is attributed to the reduction of martensite 
and corresponding increase of bainite with increasing heat input, as illustrated in figure 5.9b. In 
addition, these hardness values are close to that identified by Lundin et al., figure 2.57, at cooling 
rates enough for bainite transformation. 
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(a) 
 
(b) 
 
(c) 
 
(d) 
 
(e) 
 
Figure 5.11 Micro-hardness line tracing for 20V, 106A (a), 22V, 106A (b), 20V, 130A (c), 
22V, 130A (d) and 22V, 150A (e) welding sets in 6.35mm base metal thickness. 
186 
 
(a) 
 
(b) 
 
Figure 5.12 Average weld metal (a) and minimum CGHAZ (b) micro-hardness plotted as a 
function of heat input for 6.35mm thickness. 
 
Plot of the weld metal average micro-hardness as a function of heat input is shown in 
figure 5.12a. The average hardness is 240HVN for 509J/mm heat input. At this heat input, the 
weld metal contains 66% ferrite with second phase (bainite) and 31% ferrite. Such average 
hardness is indicative of ferrite with second and is close to the 215-235HVN range identified by 
Onsoien et al. in figure 2.75 at oxygen equivalent of 20%, where ferrite with second phase 
exceeds 70%. The hardness increases with decreasing heat input and reaches a maximum of 285 
at 327J/mm heat input. This is attributed to the martensite of around 28% present at such welding 
set. Compared to 12.7 thick base metal, figure 5.5, there is an appreciable decrease of standard 
deviation observed in the majority of the welding sets. This is attributed to the lower amount 
martensite in 6.35mm thickness compared to 12.7mm. Corresponding to figure 5.5b, the results 
for minimum hardness of CGHAZ closest to fusion boundary are shown in figure 5.12b. 
Figure 5.13 represents weld metal point counting results compared with Sysweld FEA for 
all welding sets, with error bars indicating the 95% confidence interval, after ASTM E562. Close 
trends are observed with maximum deviation of 6% in bainite phase amount and 509J/mm heat 
input. In addition, all Sysweld FEA points are within the 95% confidence intervals of the 
metallographic results. This indicates good agreement in terms of phase amount results and 
therefore better simulation of the transformation effect on residual stresses. 
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The corresponding results of CGHAZ closest to fusion boundary are shown in figure 
5.14. Close trends of phase amounts are obtained with maximum deviation of 4% in martensite 
and bainite phase amounts observed at 327 and 361 J/mm heat input values. 
 
(a) 
 
(b) 
 
(b) 
 
Figure 5.13 Average Sysweld and metallography weld metal martensite (a), bainite (b) and 
ferrite (c) phase amounts as a function of heat input for 6.35mm thickness 
application. 
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5.2 Hole-drilling strain gauge 
This section provides details and discussion of hole-drilling strain gauge measured 
residual stress results for Sysweld FEA residual stress quantification validation. The results of 
measured residual stresses validating both bottom surface residual stress distributions and effect 
of heat input and base metal thickness are also detailed and discussed. 
 
(a) 
 
(b) 
 
Figure 5.14 Metallography and Sysweld CGHAZ martensite (a) and bainite (b) phase amounts 
plotted as a function of heat input in 6.35mm thickness. 
 
5.2.1 Correction of base metal residual stresses 
Three transverse axis distribution measurements, after figure 4.15, were obtained in 6.35 
and 12.7 mm thick base metals to identify the amount of residual stresses existent prior to 
welding. Such stresses were used to correct the measured stresses in the welded samples and 
were measured at distance ranges including the distribution measurements detailed section 5.2.3. 
Figures 5.15a and b represent the base metal residual stress distribution obtained in 6.35 and 
12.7mm thick plates. 
The 6.35mm thick base plates have residual stresses ranging from 17 to 24% of yield 
strength whereas the 12.7mm thick base plates has much lower stresses reaching only 4.5% of 
yield strength. Such higher residual stresses in 6.35mm thick plates may be attributed to hot 
rolling, finishing cold working, and other manufacturing processes. 
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(a) 
 
(b) 
 
Figure 5.15 Bottom surface residual stresses of 6.35mm (a) and 12.7(b) thick base metal 
metals. 
 
5.2.2 Effect of heat input and base metal thickness 
To validate the bottom surface residual stress results obtained by FEA illustrated in figure 
4.19, the hole-drilling strain gauge measured stresses are plotted along with FEA trends for 
comparison. Figure 5.16 represents the measured and FEA computed results for 6.35mm base 
metal thickness. The error bars in Sysweld curve points represent the standard deviation of 
bottom surface residual stresses observed in the steady state region. It can be seen that close 
trends are observed by both FEA and hole-drilling and all measurement points overlap with the 
FEA steady state standard deviation. 
Figure 5.17 shows the corresponding results after correction with measured base metal 
residual stresses in figure 5.15. It can be seen that the corrected residual stresses are more 
deviating from the FEA bottom surface results.  
The bottom surface peak temperature in the measured location and within the heat input 
range studied reached or exceeded 490ºC. Figure 5.18 represents the temperature profile of the 
bottom surface for 20V, 106A welding set. Although this temperature is almost within the 
PWHT temperature range, illustrated in figure 2.31, and appreciable stress relaxation can occur 
within the first minute according to figure 2.36, it is not expected that, with such peak 
temperature reached, stress relaxation localized in bottom surface is significant due to the low 
amount of residual stresses present in base metal, although negligible relaxation is possible. 
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However, the deviation may be more clearly attributed to the lower base metal thickness of 
6.35mm where the HAZ boundary is located at around base metal middle depth. The weld metal 
penetration, wher base metal is melting, and very high temperatures, compared to PWHT range, 
and transformation plasticity in HAZ region would significantly relax the residual stresses if not 
totally in the weld metal and HAZ regions. 
 
(a) 
 
(b) 
 
Figure 5.16 Comparison of measured and FEA bottom surface longitudinal (a) and transverse 
(b) residual stresses as a function of heat input for 6.35mm thickness application. 
 
(a) 
 
(b) 
 
Figure 5.17 Comparison of measured (corrected) and FEA bottom surface longitudinal (a) and 
transverse (b) residual stresses as a function of heat input for 6.35mm thickness 
application. 
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(a) 
 
 
(b) 
 
Figure 5.18 Temperature profile (b) of the selected bottom surface highlighted nodes (a) for 
20V, 106A welding set and 6.35mm base metal thickness application. 
 
(a) 
 
(b) 
 
Figure 5.19 Comparison of measured (average) and FEA bottom surface longitudinal (a) and 
transverse (b) residual stresses as a function of heat input for 6.35mm thickness 
application. 
 
This may cause a through-thickness residual stress redistribution at the time peak 
temperature is reached and therefore reduction of residual stresses existent in bottom surface 
close to the welding path vicinity can be a possibility. Since the uncorrected results are quite 
close to the FEA results, such results would be selected as the final measurement. 
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Figure 5.19 illustrates the average of the uncorrected measured stresses with error bars 
representing the sample standard deviation of the three measured points. It can be seen that both 
FEA and measured standard deviations are overlapping. The maximum deviation is observed at 
20V, 130A welding set which reaches 9% of base metal yield strength. Such deviation can 
clearly be attributed to the highest FEA bottom surface residual stress standard deviation in the 
steady state region observed in such welding set. In addition, such deviation is within the 
expected stain gauge hole-drilling precision margin, according to literature, which can have a 
maximum of 20%, as illustrated in table 2.1, and 10%, according to ASTM E837 para 12.2.1. 
 
(a) 
 
(b) 
 
Figure 5.20 Comparison of measured and FEA bottom surface longitudinal (a) and transverse 
(b) residual stresses as a function of heat input for 12.7mm thickness application. 
 
Figure 5.20 represents the corresponding measured and FEA results for 12.7mm base 
metal thickness as a function of heat input. Similarly, it can be seen that close trends are 
observed. Figure 5.21 shows the corresponding results after correction with measured base metal 
residual stresses in figure 5.15b. It can be seen that the measured and corrected results are quite 
close to FEA results and the measurement points overlap with the FEA result standard deviation. 
This may be attributed to the low peak temperature reached at bottom surface, figure 5.22, and 
higher thickness of 12.7mm where HAZ boundary is around 8mm from bottom surface. The 
HAZ and weld metal penetration distance constitutes around 20% only of the base metal 
thickness. In 12.7mm thick base metal, the extent of residual stress redistribution, at the time 
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peak temperature is reached, is therefore much lower than 6.35mm thickness. This may explain 
the better measured results with base metal residual stress corrections. Due to the closer results 
of corrected measurements to FEA, such results will be taken as the final measurements. 
 
(a) 
 
(b) 
 
Figure 5.21 Comparison of measured (corrected) and FEA bottom surface longitudinal (a) and 
transverse (b) residual stresses as a function of heat input for 12.7mm thickness. 
 
(a) 
 
 
(b) 
 
Figure 5.22 Temperature profile (b) of the selected bottom surface highlighted nodes in (a) for 
22V, 130A welding set and 12.7mm base metal thickness. 
 
Figure 5.23 illustrates the average of the measured and corrected stresses with error bars 
similarly representing the sample standard deviation of the three measured points. It can be seen 
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that for most welding sets both FEA and measured standard deviations are overlapping. The 
maximum deviation is observed in 22V, 106A welding set which reaches 9% of base metal yield 
strength. 
 
(a) 
 
(b) 
 
Figure 5.23 Comparison of measured (average) and FEA bottom surface longitudinal (a) and 
transverse (b) residual stresses as a function of heat input for 12.7mm thickness 
application. 
 
5.2.3 Bottom surface residual stress distributions 
For 6.35mm base metal thickness application, the bottom surface transverse axis residual 
stress distributions, after figure 4.15, are shown in figures 5.24a and b for 20V, 106A welding 
set. To validate such distributions, five hole-drilling measurements were performed, as 
illustrated. It should be noted, following previous conclusion, that the measurement points taken 
at 0 and 10mm transverse distance from weld centerline represent the residual stresses that are 
not corrected by base metal residual stresses. Such measurement locations are within the weld 
metal and HAZ width range and have around 495ºC peak temperature as illustrated in figure 
5.18. However, the measurement points taken at 30mm from weld centerline were outside the 
weld metal and HAZ width vicinity and had a peak temperature of 103ºC and were corrected. 
The temperature profile at such distance is shown in figure 5.25. 
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(a) 
 
(b) 
 
(c) 
 
(d) 
 
Figure 5.24 Measured and FEA longitudinal, (a) and (c), and transverse, (b) and (d), residual 
stress distributions along transverse and longitudinal axes for 20V, 106A welding 
set and 6.35mm base metal thickness 
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Correspondingly, the longitudinal axis residual stress distributions are shown in figures 
5.24c and d. It can be seen from hole-drilling measurements that the measurement points are 
relatively in agreement with maximum deviation of around 8% of base metal yield strength, 
mostly observed at 30mm from weld centerline in the transverse axis. This is according to 
literature, section 2.1.3.3, where residual stress measurement can have higher error margin with 
values lower than 50% of yield strength. 
(a) 
 
 
(b) 
 
Figure 5.25 Temperature profile (b) of the selected bottom surface node located at 30mm from 
weld centerline (a) for 20V, 106A welding set and 6.35mm thickness. 
 
For 12.7mm base metal thickness application, the bottom surface transverse axis residual 
stress distributions are similarly shown in figures 5.26a and b for 22V, 150A welding set. Figures 
5.26c and d represent the corresponding longitudinal axis residual stress distributions. As 
explained in section 5.2.2, due to the greater thickness and low bottom surface peak temperature, 
all distribution measurements were corrected. The highest deviation is 10% of base metal yield 
strength observed in figure 5.26c for the measurement performed at 30mm in the longitudinal 
axis distance. It can be observed that the measurements indicate higher steady state condition in 
longitudinal axis than FEA computation. Such lack of steady state residual stress condition from 
FEA may be the source of such error margin. 
 
5.3 Distortion measurements 
In this section, the measured distortion profiles are detailed and discussed for the purpose 
of FEA distortion results validation.  Two base metal thicknesses are included in the 
measurements, 6.35 and 12.7mm. 
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(a) 
 
(b) 
 
(c) 
 
(d) 
 
Figure 5.26 Measured and FEA longitudinal, (a) and (c), and transverse, (b) and (d), residual 
stress distribution along transverse and longitudinal axes for 22V, 150A welding 
set and 12.7mm base metal thickness 
  
5.3.1 6.35mm base metal thickness results 
The measured and FEA computed distortion profiles, following measurement paths 
illustrated in figure 3.27, for 20V, 106A welding set are shown in figure 5.27. It can be observed 
that generally the measured profiles show slightly less distortion, i.e. Z-axis displacement, than 
the FEA computed profiles. This matches with the uncorrected bottom residual stress results, 
figure 5.19b, where the measured stresses show slightly higher compressive transverse residual 
stresses. In addition, it is clearly seen that slight deviation amount in path 3 is attributed to the 
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slight residual stress deviation in figure 5.19b. The Z-axis displacement difference amount 
reached 40, 100 and 14 um for paths 3, 2 and 4. Such close measured and FEA results coincide 
with the corresponding close results of bottom surface residual stresses. 
The corresponding results for 22V, 130A welding set are similarly presented in figure 
5.28. It can be observed that generally the measured profiles show slightly higher transverse 
distortion, Z-axis displacement, than the FEA computed profiles. This matches with the 
uncorrected bottom residual stress results which indicate the uncorrected residual stresses are 
more accurate. Referring to figure 5.19b, the measured stresses show lower compressive 
transverse residual stresses than FEA computed. The Z-axis displacement difference amount 
reached 80, 90 and 0 um for paths 3, 2 and 4. 
The corresponding results for 22V, 150A welding set are similarly presented in figure 
5.29. It can be observed that generally the measured profiles show slightly higher transverse 
distortion, Z-axis displacement, than the FEA computed profiles. The Z-axis displacement 
difference amount reached 150, 120 and 120 um for paths 3, 2 and 4. Such close measured and 
FEA results may indirectly indicate close actual to FEA bottom surface residual stress results 
with actual residual stresses being higher than FEA. It should be noted that the residual stresses 
were not measured in such welding set due to post yielding value stresses predicted by Sysweld 
FEA. According to ASTM E837, the measured residual stresses are recommended not exceed 
80% of the yield strength to obtain reliable results. 
 
5.3.2 12.7mm base metal thickness results 
The measured and FEA computed distortion profiles, following measurement path 3 
illustrated in figure 3.27, for 20V, 106A welding set are shown in figure 5.30. It can be observed 
that the measured profile show slightly less distortion than the FEA computed. Such comparison 
conflicts with the corrected bottom residual stress results, illustrated in figure 5.23b, where the 
measured stresses show slightly higher tensile transverse residual stresses. Such deviation, in 
lowest heat input, may be attributed to the very low distortion amount evolved from low through-
thickness transverse residual stresses. The Z-axis displacement difference amount reached 20 um 
only which indicates good agreement between FEA and experimentation. 
The corresponding results for 22V, 130A and 22V, 150A welding sets are similarly 
presented in figures 5.31 and 5.32, respectively. It can be observed that generally the measured 
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profiles show slightly higher transverse distortion than the FEA computed which agrees with 
figure 5.23b at such heat input. For 22V, 130A welding set, the Z-axis displacement difference 
amount reached 17um while only about 2um is correspondingly observed at 22V, 150A welding 
set. 
 
(a) 
 
(b) 
 
(c) 
 
(d) 
 
Figure 5.27 Measured and FEA distortion profiles following paths 3 (a), 2 (b), 4 (c) and 1(d) 
for 20V, 106A and 6.35mm thickness welding set. 
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(a) 
 
(b) 
 
(c) 
 
(d) 
 
Figure 5.28 Measured and FEA distortion profiles following paths 3 (a), 2 (b), 4 (c) and 1(d) 
for 22V, 130A and 6.35mm thickness welding set. 
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(a) 
 
(b) 
 
(c) 
 
(d) 
 
Figure 5.29 Measured and FEA distortion profiles following paths 3 (a), 2 (b), 4 (c) and 1(d) 
for 22V, 150A and 6.35mm thickness welding set. 
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Figure 5.30 Measured and FEA distortion profiles following paths 3 for 20V, 106A and 
12.7mm thickness welding set. 
 
 
Figure 5.31 Measured and FEA distortion profiles following paths 3 for 22V, 130A and 
12.7mm thickness welding set. 
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Figure 5.32 Measured and FEA distortion profiles following paths 3 for 22V, 150A and 
12.7mm thickness welding set. 
 
5.4 Heat-affected zone depth distance 
 As a mean to validate the HAZ depth vertical distance computed by FEA, the 
macrographs of each welding set in 6.35 and 12.7mm base metal thicknesses w re used to 
measure the actual HAZ depth distance. The procedure is illustrated schematically in figure 3.29. 
The comparison of FEA and measurement results should be used to validate the temperature 
distribution and residual stress analysis since the HAZ plays a major role in the through-
thickness residual stress distribution. As demonstrated in section 4.2.1, the peak of such 
distribution is predicted to be located in the HAZ boundary. 
 Figures 5.33a and 5.33b show the HAZ depth distance obtained by FEA simulation and 
measurements using macrographs for 12.7 and 6.35mm base metal thickness, respectively. As 
expected, the HAZ depth increases slightly with increasing heat input and significantly with 
decreasing base metal thickness. For 12.7mm thickness application, it can be seen that the 
maximum deviation is 0.17mm, 1.5% of base plate thickness, obtained at 509 J/mm heat input 
value. For 6.35mm thickness, the maximum deviation is 0.19mm, 3% of base plate thickness, 
obtained at 327J/mm heat input. From figures 5.33a and b, an agreement is obtained between 
FEA and experimental in terms of HAZ distance.In addition to minor deviations expected in the 
FEA temperature computations, such deviation might also be attributed to the nature of FEA 3D 
element simulation when Sysweld FEA has higher HAZ depth distance than observed in 
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macrographs. As schematically illustrated in figure 5.33c, the peak temperature of each node in 
the 3D element is one of the bases of FEA phase computations. In such a case, the upper nodes 
of the lowest 3D element in HAZ are above the austenitizat on temperature while the bottom 
nodes do not reach such temperature. This leads to the total element being transformed and being 
a part of the HAZ in FEA simulation. 
 
5.5 Temperature measurements 
 Following the experimental procedures illustrated in section 3.9, figures 5.34a to d 
represent both the FEA and measured temperature profiles taken at 4 different distances from 
fusion line at the top surface of the weldment. Such results represent 22V, 130A welding set and 
6.35mm thickness.  
 
(a) 
 
(b) 
 
(c) 
 
Figure 5.33 Measured and FEA computed HAZ depth distance as a function of heat input for 
12.7mm (a) and 6.35mm (b) base metal thickness, and schematic illustration of 
FEA simulation when HAZ depths are over-predicted (c). 
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Due to the 3D element discrete nature, some locations (i.e. distances) were not exactly 
coincident. However, such distance differences observed should be insignificant and therefore 
the results provided should sufficiently indicate how accurate the FEA computation. The highest 
peak temperature difference is 25ºC which is observed at figure 5.34b. In addition, it can be 
observed from these results that FEA has higher peak temperatures. Generally, the temperature 
measured profiles indicate lower heating and higher cooling rates compared to FEA. The peak 
temperature deviation may be correlated to the HAZ depth distance, figure 5.33b, where at such 
welding set FEA has slightly higher HAZ depth distance than found in macrograph. 
(a) 
 
(b) 
 
(c) 
 
(d) 
 
Figure 5.34 Measured and FEA temperature profiles at different top surface distances from 
fusion line, indicated in each graph legend. 
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CHAPTER SIX: RESEARCH SUMMARY AND CONCLUSIONS 
From the results of the study, tensile longitudinal residual stresses existed in the through-
thickness direction for 6.35 and 12.7mm thickness applications whereas tensile and compressive 
stresses existed in 19.05mm thickness, following FEA results. Invariably observed, the peak 
residual stresses existed in the ICHAZ and sub-critical HAZ indicating that the HAZ boundary 
location is a strong factor of the amount of residual stresses in the bottom surface. 
The material database used in FEA modeling was specific for each metallurgical phase 
and considered the effect of phase transformation through the transformation from one phase 
thermal strain to another, as a function of transient temperature. Such consideration was 
observed to yield satisfactorily precise results of FEA modeling in terms of phase, residual stress 
and distortion computations compared to the experimental results and FEA modeling that do not 
consider such a feature. 
In terms of FEA experimental validations performed the phase amounts from 
metallography and FEA simulation where in good agreement with maximum deviation of 6%. 
Such results are summarized in figures 5.6, 5.7, 5.13 and 5.14 for weld metal and CGHAZ. In 
addition, the hardness line tracing results showed good correlation with phase amounts identified 
by both FEA and metallographic point counting and were in agreement with literature. However, 
the phases in FGHAZ and ICHAZ were not matching the FEA results due to the use of single 
CCT diagram. In FEA, the CCT diagram used in the base metal part represents that generated for 
CGHAZ and therefore higher hardenability is observed in FGHAZ and ICHAZ regions. In 
addition, the measured HAZ depth distance and temperature profiles were in good agreement 
with FEA results, as illustrated in figures 5.33 and 5.34. 
Since welding distortion is a function of residual stress extent and amount in the total 
volume of the weldment, the distortion measurement results were used to indirectly qualify the 
residual stress FEA computations. The distortion profiles by both FEA and measurement showed 
close results with maximum deviation of 150um observed at 22V,150A welding set and 6.35mm 
base metal thickness. Yet, most deviations were observed at levels lower than 10% of FEA 
computed distortion displacement amount. This clearly indicates a good agreement is obtained in 
terms of measured and computed welding distortion profiles.  
The measured residual stresses, figures 5.19 and 5.23, showed similar trends to the FEA 
computed, as a function of heat input and base metal thickness, with maximum deviation of 9% 
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of base metal yield strength. Such maximum deviation was observed in two welding sets. Such 
deviation was found within the ASTM E837, paragraph 12.2.1, and Schajer identified error 
margins details in table 2.1. 
In 6.35mm thickness application and following the welding conditions detailed in the 
study procedures, the bottom surface residual stresses were found exceeding 80% of the base 
metal yield strength, by both FEA and hole-drilling measurements. Such high residual stresses 
exceed most threshold SCC stress levels as identified by Jones et al. in section 2.3.2 and 
illustrated in figure 2.82, amounting to 80% of base metal yield strength. Also, Pal et al. 
identified a SCC threshold stress under 30% caustic aqueous solution tested at 100ºC to be 
exceeding 60% of base metal yield strength, figure 2.84. Their study was for AS/NSZ 3678 
grade 250 base metal (equivalent to A36 C-Mn steel) which is close to A516 grade 70 in terms of 
composition and mechanical properties. Therefore, at such thickness, PWHT is deemed quite 
necessary to avoid SCC with heat input values within or higher than the range considered in the 
thesis study. At 12.7mm thickness application, the peak bottom surface residual stresses were 
found within a range of 47 to 69% of base metal yield strength. Several threshold SCC stresses 
were identified at 40 to 50% of yield strength. Therefore, at such thickness application, the 
PWHT requirement determination should be a function of the specific SCC environment 
threshold stress. However, at 19.05mm thickness application, the peak residual stresses only 
reached a range of 26 to 35%. At such bottom surface residual stress level, the SCC tendency is 
low and PWHT requirement can be either optional or waived at 19.05mm or higher base metal 
thicknesses. 
Under the welding conditions followed, it is clearly concluded that the base metal 
thickness constitutes the strongest factor of the bottom surface residual stress levels. This is 
attributed to the distance from bottom surface to the HAZ boundary where peak residual stresses 
exist in FEA simulation. Figure 6.1 illustrates schematically the conclusion of base metal 
thickness being a significant factor on bottom surface residual stresses. Yet, it should be noticed 
that the heat input range studied may not be large enough to comprehensively study the heat 
input effect. 
According to NACE SP0472, paragraph 3.5.1, PWHT is required if tensile residual 
stresses exist in the entire wall thickness. Following such criterion, external attachment welds of 
6.35 and 12.7mm base metal thicknesses are found to require PWHT due to the through-
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thickness propagation of tensile residual stresses whereas 19.05mm thickness application can be 
waived from PWHT requirement. However, it should be noted that such criterion is conservative 
and does not consider how high or low residual stresses are present in bottom surface, compared 
to the SCC threshold stress. 
It should also be noted that single pass attachment welds, illustrated in figures 1.2 and 
6.1, tends to have lower penetrations than the experimented and FEA modeled bead-on-plate 
application. Therefore, this should clearly indicate that the study results tend to be more 
conservative since the distance between HAZ boundary where peak residual stresses exist and 
the bottom surface constitutes the most significant factor. In addition, the study stated 
conclusions can be potentially applicable to the same application using different C-Mn steel 
GMAW fillers and base metals that have close mechanical properties, carbon equivalent and 
martensite start temperature values, as they constitute significant factors to residual stress 
development and their amounts. 
 
 
Figure 6.1 Schematic illustration of the significance of base metal thickness effect on bottom 
surface residual stresses. 
 
 
 
 
 
 
 
209 
 
CHAPTER SEVEN: FUTURE WORK 
Listed, below, is the recommended future work in relation to the thesis study presented 
with its scope. The justification of each future work item is also provided: 
 The effect of multi-pass welding in residual stress extension behavior is deemed necessary. 
Some of the welding procedures and applications in petrochemical industries require the use 
of multi-pass welding especially for thick structures. Although some stress relaxation can be 
induced in previous passes, there are high risk applications that require rigorous residual 
stress extension analysis for such application. 
 The inclusion of higher heat input and current ranges to thoroughly study the residual 
stress extension with high heat inputs, especially for 12.7mm and higher thickness 
applications, is worthwhile. In some applications, the use of such low heat input values 
included in the study may not be practical. 
 The study of the welding process effect is another needed future work opportunity. 
Although, by some researchers, the effect of different welding processes has been related to 
the respective power density, figures 2.46 and 2.47, the different metallurgical phases 
evolved can alter the residual stress amount and distribution. 
 To further validate the through-thickness residual stress distributions presented in section 
4.2.1, the use of neutron diffraction of synchrotron X-ray diffraction to measure the 
residual stresses distributed along the through-thickness direction is deemed a recommended 
future work item. Such methods can also be used to measure base metal through-thickness 
residual stress distribution. 
 A study of base metal stress relaxation during welding or imposition of simulated thermal 
cycles is another future work recommended item. Currently, there are Gleeble new 
technologies that can possibly use in-situ X-ray diffraction for residual stress measurement 
during simulating welding induced thermal profiles.  
 SCC testing, at constant load, to identify the threshold stresses above which SCC can occur 
is a recommended future work item, especially for applications that impose high risks. 
Instances can include petrochemical processing units where leaks are life-threatening or can 
yield high production loss consequences. This is mostly recommended for 12.7mm base 
metal thickness application with the use of same welding conditions followed by the study. 
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 Although the corrosion rates reported in SCC inducing environments in petrochemical 
industry tend to be low, the effect of corrosion rate in reducing the wall thickness and 
therefore redistribution of residual stresses should be considered in high risk external 
attachment welding applications. 
 Expanding the study to consider different GMAW fillers and base metals with quite 
significant composition and mechanical properties differences from A516 grade 70 and 
ER70S-6 is another recommended future work item. The significant composition difference 
should mainly be correlated with significant differences in terms of carbon equivalent values 
and martensite start temperatures. Such work is aimed to enlarge the study results scope, 
thereby including most C-Mn steel types utilized in oil, gas and petrochemical industry. 
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